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Abstract

Stimuli-responsive hydrogels are 3D polymeric structures that offer attractive qualities
within the biomedical field due to their excellent biocompatibility and tunability to be
employed in drug release, wound healing, and implants. Aliphatic polyesters are
biodegradable polymers that naturally degrade by the process of simple ester
hydrolysis. Oligo[poly(ethylene glycol) fumarate] (OPF) is a linear polyester containing
repeating units of poly(ethylene glycol) and unsaturated fumarate. OPF naturally
degrades through hydrolytic cleavage into poly(ethylene glycol) (PEG) and fumaric
acid which is a naturally occurring compound found in the Kreb'’s cycle. However, in
some cases, it would be beneficial to activate or accelerate this degradation in a more
controlled manner. This thesis explores the degradative behaviour of OPF
functionalized with photoactivatable pendent groups that undergo intramolecular
cyclization to cleave the backbone, thereby degrading the polymer. Next, the
functionalized OPF is converted into a hydrogel by covalently cross-linking and the gel
is characterized by the gel content and equilibrium water content. Hydrogel
degradation is examined by 'H NMR spectroscopy and mechanical testing with and
without UV light irradiation. It is shown that activation of the pendent groups can

accelerate gel degradation.

Keywords

Self-immolative spacers, self-immolative degradation, oligo[poly(ethylene glycol)
fumarate], OPF, hydrogel, photosensitive



Summary for lay audience

Polymers are large molecules that are composed of repeating units. Currently, there
is interest in degrading polymers in response to stimuli such as light, heat, or acid.
These degradable polymers are referred to as stimuli-responsive polymers. This
thesis aims to explore a new method to trigger the degradation of polymers by
introducing units that are responsive to ultraviolet light along the polymer backbone.
When these units are activated by light, their reactivity changes and they can slice the
backbone at a nearby unit. Overall, this process leads to accelerated degradation of
the polymer in the presence of light. The new functional polymer is incorporated into
a water-absorbing network, called a hydrogel, and it is shown that degradation of this
hydrogel can be accelerated by irradiation with ultraviolet light. Overall, this work
provides a proof of concept for a new way to control hydrogel degradation, which could

be extended to relevant stimuli in the body for potential applications in new therapies.
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Chapter 1

1 Introduction

1.1 Biodegradable polymers

The process of biodegradation can be defined as the change in chemical
composition, mechanical, and structural properties with the formation of metabolic
products through processes associated with living organisms.! This process
occurs in two steps: i) the polymer is broken down and fragmented into lower
molecular weight species; ii) subsequent degradation by the microorganism using
extracellular enzymes and abiotic agents via processes such as oxidation,
photodegradation, hydrolysis to depolymerize long polymer chains to oligomers.!
Through a biomineralization process, oligomers are bio assimilated by micro-
organisms and mineralized. In the final stage of biodegradation, aerobic or
anaerobic degradation can occur. The presence of oxygen promotes aerobic
degradation, generating CO2 and H20. In the absence of oxygen, anaerobic
degradation occurs followed by the generation of products such as methane,

water, and carbon dioxide (Figure 1.1).%

CO,/H,0/
residue/biomass

Aerobic
Degradation

i
)

abiotic degradation‘?ql (O
- - Micro-organism
é\’ break down
extracellular enzymes L)
- Oligomer \
Biopolymer (short chains)
(long chains)
Anaerobic

Degradation

&

CO,/H,0ICH,
residue/biomass

Figure 1.1. General overview of the degradative processes of biopolymers.



Natural biodegradable polymers are a class of macromolecules that are found in
nature and contain biodegradable functional groups.?2 Commonly known natural
biodegradable polymers include polysaccharides and polypeptides.3®
Biodegradable polymers have been demonstrated to have meaningful industrial

applications within agricultural and biomedical fields.®

Synthetic biodegradable polymers are defined as a class of artificially
manufactured macromolecules consisting of biodegradable groups.! However, like
their natural counterparts, they are susceptible to degradation through the
breakdown by living organisms. Some common classes of synthetic biodegradable
polymers comprise of polyesters, polycarbonates, and polyurethanes.” These
classes of polymers yield modifiable properties making them excellent candidates
for several biomedical applications. Synthetic biodegradable polymers have been

employed in drug delivery, tissue engineering, and other biomedical devices.?

Various factors such as the morphology, structure, molecular weight, and chemical
treatment can affect the rate of a polymer's biodegradation.® For example,
biodegradable polymers contain hydrolysable linkages that can be degraded by
the microorganisms and hydrolytic enzymes.* Polymers containing a combination
of hydrophobic and hydrophilic groups are more susceptible to degradation.! In
terms of polymer morphology, amorphous regions of the polymer are easily
accessible to be attacked by enzymes compared to the crystalline regions due to
larger distances between chains in the amorphous region.! Enzymatic degradation
of the polymer can be affected by the melting temperature (Tm) of the polymer. In
general, vulnerability to biodegradation is inversely proportional to the melting point
for polymers.! Biodegradation capability can also be altered with treatments such
as ultraviolet (UV) light, that generate radical ions, leading to backbone cleavage.
Oxidation may also occur affecting the polymer’'s ability to biodegrade.!
Furthermore, biodegradability of a polymer may be hampered as the molecular

weight of the polymer increases.



1.2 Biodegradable polyesters

1.2.1 Introduction to biodegradable polyesters

Biodegradable polyesters are a class of polymers that contain ester linkages in
their backbone. 8 There are several attractive qualities of polyesters and these
include controlled biodegradability, excellent biocompatibility and convenient
synthesis.® ° Furthermore, polyesters have tunable physical and mechanical
properties extending their range of applications within the biomedical field.® °
Specifically, biodegradable polyesters are employed in drug delivery, tissue
engineering, and medical devices.® Naturally, polyesters degrade through the
mechanism of hydrolysis and this process can be catalyzed in the presence of
base, acid, or enzymes.® When degradation is complete, the products are
designed to be processed in the natural environment or in some cases resorbed
by the body through a metabolic pathway.” ! In the environment, the degraded
polyester is consumed by the micro-organisms such as fungi and bacteria, and
converted to water, carbon dioxide, and methane. Biodegradable polyesters can
be broadly categorized into two major groups: aliphatic polyesters, or aromatic co-
polyesters.’?> Examples of aliphatic polyesters include poly(lactic acid) (PLA),
poly(caprolactone) (PCL), and poly(glycolic acid) (PGA) (Figure 1.2).1> 13 While
aliphatic polyesters are easily hydrolysable, aromatic polyesters are insensitive to
most biodegradable processes by hydrolysis, enzymatic, or microbial attack.?
Generally, aromatic polyesters are co-polymerized with an aliphatic monomer to
improve their biodegradation capabilities.? For example, a random co-polymer
such as poly(butylene adipate-co-terephthalate) (PBAT), involves the
polycondensation between 1,4-butanediol and mixture of adipic acid and
terephthalic acid (Figure 1.3).2 When PBAT is co-polymerized with an aliphatic
poly(ester), it was found to have excellent mechanical and thermal properties with
concentrations of terephthalic acid at 35 mol%.2 However, biodegradability can be

diminished as the concentration of terephthalic acid is increased to 55 mol%.>?
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Figure 1.2. Common biodegradable synthetic polyesters.

O/\/\/O (0]
r o/\/\/o

m

n

poly(butylene adipate-co-terephthalate) (PBAT)

Figure 1.3. Biodegradable aromatic random co-polyester PBAT.

1.2.2 Aliphatic polyesters

Aliphatic polyesters are often sensitive to hydrolysis and typically have excellent
mechanical, biocompatibility, and biodegradability within a physiological
environment.*416 The mechanism of hydrolysis may either involve a bulk erosion
or surface erosion process and the extent of degradation depends on the

hydrophilicity and crystallinity of the polyester.14 15

Straight chain polyesters offer the advantage of controlled and tunable degradation
rates.’* Due to the capability to modify the degradation behaviour of aliphatic
polyesters, they are of growing interest as biomaterials for applications within living
organisms.'* 7 However, many polyesters are naturally hydrophobic and lack
reactive side groups which affects the polymer’s functionality within the body.'#
Therefore, it is important to investigate alternatives to improve a polyester’s

hydrophilicity whether it be through chemical or physical modifications.**



Aliphatic polyesters can be synthesized through three major routes: i) poly-
condensation; ii) ring opening polymerization; iii) enzymatic polymerization.!8 19 20
Polycondensation typically involves a diol and diacid, but a major drawback of this
reaction is low degrees of polymerization leading to low molecular weight
polymers.’®> Ring opening polymerizations can occur through either an anionic,
cationic, or enzymatic process.® They involve the use of cyclic diesters such as a
lactide and glycolide and result in high molecular weight polymer chains. There are
usually minimal side reactions involved in these reaction such as racemization.'®
Finally, enzymatic polymerization is a technique carried out in mild conditions and
aims to avoid the use of toxic reagents while recycling the catalyst.’> Enzymes
provide a direct polymerization such that no protected monomers are needed and

they also afford regioselectivity and stereoselectivity.1®

1.2.3. Applications of biodegradable polyesters

Degradable aliphatic polyesters such as PCL, PLA, PGA, and poly(lactic-co-
glycolic acid) (PLGA) are commonly employed in several bioengineering
applications.'® For example, PGA has been used as resorbable sutures. These
were first developed in 1962 by American Cyanamid Co. and became

commercially available under the name if Dexon®. PLGA emerged 5 years later to

form new resorbable sutures with the name Vircyl™.2! However, these polyesters
are known to be very hydrophobic which affects their cell adhesion and this factor
plays a significant role in polymeric scaffolds.® Furthermore, these polyesters are
known to undergo slow hydrolysis.?* Aliphatic polyesters have also been
investigated for drug delivery. For example, systems based on poly(lactic acid)
were utilized for long-term delivery of anti-malarial drugs, contraceptives, and
ocular therapies.?! Overall, biodegradable polyesters are a promising class of

polymers with a wide scope of applications and offer excellent tunability.



1.3 Stimuli-responsive polymers

Stimuli-responsive polymers refer to a class of macromolecules that change their
chemical or physical properties in response to stimuli (e.g., pH, temperature,
mechanical force, chemical, and electric or magnetic fields).?>?* Furthermore, it is
possible to synthesize a multi-responsive polymer through the incorporation of
certain stimuli-responsive functional groups into the polymer.??> For example, a
backbone could be composed of a photo-responsive monomer such as
azobenzene that exhibits temperature and light sensitivity. 22 Due to their ability to
manifest as imitations of naturally occurring materials, these biomaterials are often
selected to be exploited in sensors, biosensors, controlled drug delivery, and other

applications.??
1.3.1 pH sensitive polymers

pH responsive polymers undergo changes in properties or degrade in response to
a change in the pH of the environment.?®> They can contain degradable linkages
such as acetals or ionizable functional groups that depending on the protonation

state exhibit different conformations or solubilities.?®

For example, pH responsive polymers are used in the synthesis of insulin delivery
systems to manage glucose levels.?®> Anderson and co-workers in 2013 developed
an injectable nano-network composed of alginate (ALG) or chitosan (CS) charged
dextran nanopatrticles that could encapsulate insulin (Figure 1.4a). They reported
dextran nanoparticles containing insulin and other enzymes such as glucose
oxidase (GOx) and catalase (CAT) coated with either chitosan or alginate (Figure
1.4b).?6 These nanoparticles carried either negative or positive charges on the
surface of the coating and through charged interactions, the coated polymers
formed a nanoscale network (Figure 1.4c). GOx catalyzes the conversion of
glucose to gluconic acid which triggers the release of insulin into the surrounding
area as a response to the change in pH. Mouse studies showed that hyperglycemic

mice could maintain a normal blood sugar level (i.e., normoglycemia) after



subcutaneous injection of the nanoparticles. This work demonstrated a promising
method for the controlled insulin release within mice and provides a new potential

strategy for the treatment of diabetic patients.

m-dextran Alginate layer

a) ©

m-dextran Chitosan Iayer® @

Py
Jjégo\ ¥/ ) © N Insulin
‘“;ﬁi?;%’,* CAT

oS

m-dextran

GOx

Insulln
Glucose

’ ° o .
©e® . ° -
0%9eg . .

Gluconic acid

O

Figure 1.4. a) Polymer m-dextran b) m-dextran coated with chitosan and alginate
layer and encapsulating insulin and other enzymes GOx and CAT c¢) nanoparticle
network held together by opposite charges with triggered release during the
generation of gluconic acid, as reported by Anderson and coworkers.?®
Reproduced with permission from reference 19. Copyright 2013, American

Chemical Society.

1.3.2 Photo-sensitive polymers

Photo-sensitive polymers refer to macromolecules that undergo physiochemical
changes in response to electromagnetic radiation from light sources such as UV,
visible, and near infra-red (IR).?” 28 These polymers can be triggered to undergo a

reversible or irreversible degradation on demand, making them suitable



candidates for drug delivery and other applications such as biomimetic sensors

and actuators.?8

Recently, Orozco and co-workers developed a photosensitive nanocarrier built
from N-succinyl chitosan that contained the ability to photo-isomerize to the trans
configuration in the presence of UV irradiation and reversed to the cis configuration
when exposed to visible light (Figure 1.5).2° The cis to trans isomerization or vice
versa, induced pore size changes in response to a change in polarity. The trans
configuration resulted in a hydrophobic polymer while the cis configuration yielded
a hydrophilic polymer.?® These changes in configuration ruptures or destabilized
the micellar structure allowing the cargo to be released.?® Dofetilide was utilized
as a cargo model and encapsulated within this polymeric framework. When the
micellar structure was irradiated with UV light, rapid and controlled release of the
drug cargo was observed.?® This was the first nanocarrier reported to be
functionalized with a cardiac targeting peptide with photo-triggerable anti-rhythmic

drug delivery into cardiomytocytes with minimal cell cytotoxicity.
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Figure 1.5. N-succinyl chitosan(PNSC) functionalized with photolabile 4-
phenylazophenol (PAP) molecules that undergo photo-isomerization when
irradiated with UV light as reported by Orozco and coworkers?®. Reproduced with

permission from reference 22. Copyright 2020, Wiley-VCH GmbH.



1.3.3 Self-immolative spacers

The first reported self-immolative spacers is often referenced to Katzellenbogen
and coworkers in 1981.3° Systems employing self-immolative spacers typically
consist of: i) protecting group (trigger group), ii) self-immolative spacer, and iii)
target compound (Figure 1.6).3! When the system is subjected to a stimulus (e.g.
light, change in pH or redox potential) the system initiates the “self-immolation”
process. 3! This self-immolation refers to a cascade of processes such as 1,4-,
1,6-, or, 1,8- eliminations, often with subsequent decarboxylation reactions.3? 33 In
other scenarios, self-immolation can occur through an intramolecular cyclization
process.®! This mechanism involves the release of the target compound which
begins with the removal of the protecting group through an external stimuli and
liberation of the nucleophilic group, followed by cyclization to cleave the chemical
linkages and release the target compound.3*3¢ In general, these processes are
driven by an increase in entropy and/or irreversible formation of thermodynamically

more stable compounds.3®
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Figure 1.6. General design of a self-immolative spacer system consisting of PG =

protecting group, spacer = moiety that undergoes chemical cleavage event, target
= desired compound to be release. a) Self-immolative spacer system pre-cleavage
event b) introduction of stimuli and subsequent cleavage of protecting group c)

release of the target compound.
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1.3.4. Cyclization spacers

Self-immolative spacers that degrade through cyclization commonly form 5- or 6-
membered rings.3! When the protecting group (PG) moiety is activated through the
introduction of a specified stimulus, a nucleophilic group such as a hydroxyl, thiol,
or amino group attacks a nearby carbonyl group, resulting in the formation of a 5-
or 6-membered ring and the loss of the leaving group (LG) (Figure 1.7).37. 38
Previously, the Gillies group has reported a poly(ester amide) (PEA) containing
protected 2,4-diaminobutyric acid or homocysteine (HCY) units (Figure 1.8).3°
Upon cleavage of the pendent protecting groups, the amines or thiols respectively
cyclized through reaction with the backbone esters, resulting in backbone scission.
However, these PEA were not water-soluble, and their degradation was quite slow.

by
(0] (o]
activation Y

. X
PG'XM;\YJ\LG - . 'XHM;\YJ\LG . Y4, * HiLe

X=0,NH, S
Y = CH,, O, NH

Figure 1.7. General scheme for an intramolecular cyclization degradation.
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Figure 1.8. Self-immolative PEA through a cyclization mechanism reported by
Gillies and coworkers (2013). a) PEA incorporated with trigger moieties b)
cleavage of the trigger group and cyclization c) degradation products post

cyclization.

Recently, Gennari and co-workers worked on cyclization spacers based on proline-
derived compounds that could rapidly cyclize.*® This degradation model leverages
the cleavage of carbamate bonds where the nucleophilic amine attacks the
adjacent carbamate, resulting in the formation of cyclic urea and a liberated
hydroxyl compound (Figure 1.9). The author sought to improve upon slow
cyclization spacers that are capable of on demand drug release, but suffer from
low drug release rates, limiting their therapeutic efficacy.*® Using this proline
derived self-immolative spacer resulted in enhanced release of drugs such as
camptothecin (CTX) and paclitaxel (PTX) having hydroxyl groups and
consequently enhanced anti-cancer activity in vitro studies against IGROV-1

cancer cells.40

ay 3
Ny . PSR -

Figure 1.9. Proline derived cyclization spacer undergoing an intramolecular

cyclization to release the drug loaded payload bearing a hydroxyl group.
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Reproduced with permission from reference 29. Copyright 2019, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

1.4 Introduction to hydrogels

1.4.1 Background

Hydrogels were first described by Wichterle and Lim in 1984.4' They were
described as hydrophilic three-dimensional cross-linked polymeric networks
derived from either a natural polymer (e.g. collagen, gelatine, and polysaccharides)
or synthetic polymer (e.g. poly(acrylic acid), poly(acrylamide), and poly(2-
hydroxyethyl methacrylate) (Figure 1.10).4>* Their structures enable them to
swell through the process of absorbing water while remaining insoluble.*? 4> Their
water absorption capacity depends on the polymer properties and density of the
network’s cross-linked structure.*? When the gel achieves a swollen state, the
mass fraction of water is higher than the mass fraction of polymer and in most
biomedical applications, the mass of water typically constitutes more than 50% of
the gel.*? 46 More importantly, researchers are recognizing that hydrogels can be
synthesized to mimic the properties of natural tissues and can serve as a model to

be tailored to several biomedical applications.*?

]

@ P oy A T
® gelation g @ d !

O '
o — (22 gacaia 2o |
water ; ® '
: ® ]
@® =crossdinking site == ~—2o = 2/ .l il
Swollen hydrogel Hydrogel network

= polymer chain

Figure 1.10. General schematic depicting a cross-linked polymer network

hydrogel swollen in water.
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1.4.2 Hydrogel cross-linking

Hydrogels can be developed based on several cross-linking protocols that
accomplish a desired network and will dictate the gel's overall stability and
resistance against disintegration.*® In general, these cross-linking junctions can be
a result of chemical bonds, physical bonds, or a combination of these.*? Chemically
cross-linked junctions involve the formation of irreversible covalent bonds while
physically cross-linked junctions involves interactions that are transient in nature.*?
47 Examples of chemical cross-linking reactions include radical reactions, addition
reactions, click reactions, or enzymatic cross-linking.*®: 49 Examples of physical

cross-links include hydrogen bonds, hydrophobic interactions, and ionic bonds.

Radical polymerization occurs through the production of a chemical initiator in
response to irradiation with light or heating. The initiator reacts with a monomer or
an appropriate cross-linker to facilitate the cross-linking process (Figure 1.11).5%
51 Photoinitation may occur either through a type | reaction, which involves
homolytic photodissociation of the photoinitiator molecule (Figure 1.12) or a type
Il reaction, where the excited initiator reacts with a co-initiator such as an electron
donor or acceptor or hydrogen donor to produce radicals.®? Type Il initiation
reactions are typically slower and less efficient than type I. Type Il photoinitatiors
often suffer from competitive processes that can occur during excitation of the
photoinitiator such as reaction with the monomer, co-initiator or atmospheric
oxygen.>? The most widely used photoinitiator for hydrogel preparation is the type
| water soluble photoinitator Irgacure 2959 (Figure 1.13). When the type | initiator
is irradiated, it is cleaved into two radicals, benzoyl and alkyl group, and both
initiate a radical polymerization of the hydrogel components.>? The second method
of radical polymerization involves the use of water soluble radical thermal redox
initiators ammonium persulfate (APS) in the presence of the catalyst N,N,N,N —
tetramethyldiamine (TEMED) (Figure 1.14). Typically for this method, the
APS/TEMED and hydrogel components are heated to 37 °C to initiate the cross-

linking process.>3
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Figure 1.11. General scheme of a cross-linking method performed through free

radical polymerization.5?
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Figure 1.12. General overview of type | photoinitators.5?
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Figure 1.13. Chemical structure of the photoinitator Igracure 2959.52
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Figure 1.14. Redox activation of the water soluble radical initiators ammonium
persulfate (APS) and N,N,N,N — tetramethyldiamine (TEMED).>2

Hydrogels can be prepared using other cross-linking reactions such as Michael
additions, involving the nucleophilic addition to an a,B-unsaturated carbonyl
compound (Figure 1.15).54 Alternatively, the hydrogels can be prepared through
click chemistry, which encompasses a wide array of reactions including copper-
catalyzed azide-alkyne cycloaddition, Diels-Alder, thiol-ene, tetrazine-norborene
chemistry, thiol-epoxy, and thiol-maleimide couplings.>* Cross-linking reactions
performed by click chemistry, offer rapid polymerization kinetics and minimal
reactivity with cellular components (Figure 1.16).5* However, gels produced in this
manner usually suffer from toxicity problems which can originate from the chemical

cross-linker.43
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Figure 1.15. General schematic of cross-linking through a Michael addition.*3
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Figure 1.16. General schematic of cross-linking through a click reaction.*3

Examples of physical cross-links include chain entanglements, ionic interactions,
inter- or intra-molecular hydrogen bonds, or hydrophobic interactions (Figure
1.17).#% 42 The formation of physically cross-linked hydrogels can be manipulated
by temperature, pH, the presence of ions, and UV light.>1: % These interactions are
a reversible processes such that when stress is applied or the physical conditions
are altered, the properties of the gel change in return. Gels composed in this

manner are often weaker than their chemically constructed counterpart.
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Figure 1.17. Schematic illustration of physical cross-linking in polymers a) ionic

interactions b) hydrogen bonding c) hydrophobic interactions.
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1.4.3 Oligo [poly(ethylene glycol) fumarate] gels

Oligo [poly(ethylene glycol) fumarate] (OPF) is a linear polyester, and is
synthesized from a condensation polymerization between poly (ethylene glycol)
(PEG) and fumaryl chloride.>® OPF is synthesized in a molar ratio of 1:0.9 PEG to
fumaryl chloride to produce oligomers end capped with PEG end groups. The
number of PEG units incorporated within the oligomer is dependent on steric
considerations.>® Larger nominal molecular weight PEG groups result in
obstruction of the fumarate unit addition with PEG. Thus, resulting in less PEG
groups integrated into the oligomer backbone and a substantial amount of
unreacted PEG.%¢

OPF oligomers can undergo a cross-linking reaction involving the unsaturated
bonds of the fumarate unit found on the backbone.>” Cross-linking is often
facilitated with a cross-linking agent such as acrylic acid esters (PEG-diacrylate)
or amides (N,N’-methylene bisacrylamide) due to the less reactivity of the double
bonds.>” Hydrogel fabrication of OPF are often considered to proceed towards
completion due to the fixed length of PEG units between cross-linking sites.®” Gel
formulations that include large PEG chains with larger nominal weight tend to
increase the swelling ratio of OPF hydrogels.>® OPF naturally degrades through
the mechanism of ester hydrolysis producing fumaric acid and PEG — fumaric acid
is a naturally occurring biological compound found within the Kreb’s cycle that
makes it an excellent candidate to be exploited within the biomedical field due to
minimal cytotoxicity (Figure 1.18).°’ OPF has been utilized in support tissue
formation in bone, cartilage, osteochondral, tendon, cardiovascular, ocular, and

neural tissue engineering.
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Figure 1.18. Hydrolytic degradation of OPF into its constituents fumaric acid and
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In 2005, Mikos and coworkers reported a hydrogel fabrication encapsulating
plasmid DNA under physiological conditions using radical thermal initiators
ammonium persulfate (APS) and N,N,N’,N’ — Tetramethylethyldiamine (TEMED)
(Figure 1.19).%° Two hydrogel fabrications from different nominal molecular weight
(OPF 3k and OPF 10k) were encapsulated with iodinated plasmid DNA (*?°1-
labeled DNA) and studied to measure the release of DNA plasmid into solution.>°
Release of the '?%I-label DNA was quantified through a fluorescent method with
Pico-Green dsDNA quantitation reagent and/or Oligreen ssDNA Quanitation
Reagent termed Picogreen and Oligreen over the course of 40-60 days.> It was
found that the OPF 3k formulation loaded with 1?°|-labeled DNA degraded
completely by day 49 and releasing 97.8% +/- 0.3 of initial loaded DNA. In contrast,
OPF 10k degraded completely by day 69 releasing 92.1 + 4.3% of initial loaded
DNA by picogreen analysis.>® Overall, it was concluded that plasmid DNA release
could be manipulated by modifying the oligomer properties by differing the nominal
molecular weight used in the fabrication of the hydrogel.>® Therefore, drawing
attention to OPF as an attractive tool for controlled gene delivery.
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Figure 1.19. Hydrogelation of OPF with thermal initiator APS/TEMED as report by
Mikos and co-workers (2005).%°

1.4.4 Properties of hydrogels

The degree and type of cross-linking can affect properties of the hydrogel such as
the mechanical strength, water content, and swelling.*® Swelling ratio is the
physical process of a material increasing in volume and mass by absorption of
liquid.** Swelling ratio of the hydrogel can be modified through the use of: i)
hydrophilic functional groups; ii) swelling media; iii) cross-linked bonding
strength.#! When the swollen hydrogel reaches thermodynamic equilibrium with
the solvent medium, two swelling properties of the hydrogel can be calculated
using equation (1) and equation (2). 4 Equation (1) represents the mass swelling
ratio and equation (2) describes the equilibrium water content (EWC). The mass
swelling ratio can be calculated by the difference between the swollen mass (ms)
and the initial mass (mi) divided by the initial mass (mi).* Next, the EWC can be
calculated from the difference of the swollen mass (ms) at equilibrium and the dry
mass (md) post lyophilization of the swollen gel then the total is divided by the

swollen mass (ms).
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The gel content is defined as the percentage of polymeric material and cross-linker
incorporated into the hydrogel during gelation.®® The theoretical mass (m:)
describes the calculated ideal amount of polymer chains incorporated into the gel
matrix if the reaction proceeds toward completion.®* The gel content parameter
relates to the mechanical strength of the gel and high gel content corresponds to

a higher degree of cross-linking reactions that occurred during gelation.**

mg
Gel content = — x 100% 3)
my

Hydrogels can be characterized by their Young’s moduli, a measure of the gel’s
stiffness. A compression test involves straining a hydrogel at a fixed rate along a
single axis.?? Gels can be mechanically characterized by measuring the relation
between the stress and strain curve. When stress is applied, the gel begins to
deform in proportion to the increasing stress.®® When the stress is removed, the
gel restores to its original shape due to its elasticity.®® The values recorded from
the stress and strain (equation 4 and equation 5, respectively) of the gel generate
a stress-strain curve where the Young’s modulus is derived from the slope of the
stress-strain curve (Figure 1.20).5% Equation 4 describes the stress applied to an
object which is calculated from the compression force applied over the cross-
sectional area of the object.53 Equation 5 denotes the strain on the object which is
related to the deformation of an object. This is described as the change in height
of the object (H) from the initial height (Ho). &3
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Figure 1.20. Stress-strain curve with the slope corresponding to the elastic

modulus.83

These mechanical properties can be manipulated by modifying the cross-linking

density within the gel matrix.®4 However, increasing the cross-linking density

typically results in gels with low swelling capacity.®* Overall, there are several

methods that can be used to tune the behaviour of hydrogels through their

mechanical and swelling properties.
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1.4.5 Biomedical applications of stimuli-responsive

hydrogels

Hydrogels are well suited for biomedical applications due to their permeability,
water content, structure, and viscoelasticity resembling that of natural tissues.5% 6°
Stimuli-responsive hydrogels can undergo structural or mechanical changes in
response to environmental stressors (i.e. light, temperature, pH, chemical and
biological triggers).®®> Stimuli-responsive polymers have been developed to
undergo sol-gel transitions that are affected by factors including temperature, pH,
and ionic strength.®! Stimuli-responsive hydrogels can be tailored to provide
various properties such as controllable gelation, degradation, or stiffness

change.®

Xu and coworkers recently developed a light-sensitive hydrogel that behaved as a
liquid bandage adhesive, utilizing photochemically reactive ortho-nitrobenzene
species and Schiff-base reactions.®® These biomaterials adhere to organ or skin
tissue and could achieve wound closure. The authors sought to create material
that did not utilize toxic initiators or cross-linking agents. Therefore, a naturally
occurring polysaccharide — chitosan - was selected, which has been approved by
the Food and Drug Administration (FDA) owing to its hemostatic and antibacterial
potential.®¢ Using carboxymethyl chitosan (CMC) as a backbone to construct the
macromolecule, the o-nitrobenzyl alcohol (NB) analogue was modified to
synthesize NB-CMC. When the NB-CMC is exposed to UV-light, the o-
nitrobenzene group was transformed into an o-nitrosobenzaldehyde that could
react with free amino groups on tissue surfaces (Figure 1.21). The NB-CMC
hydrogel was found to rapidly integrate into tissue and yield strong adhesive

properties as a consequence of covalent bonds in the hydrogel-tissue interface.%®
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Figure 1.21. o-Nitrobenzene modified carboxylmethyl chitosan (CMC) irradiated
with UV light to form o-Nitrosobenzaldehyde followed by cross-linking of free amino
groups on the backbone of CMC reported by Xu and co-workers (2020).56

In another example, Yang and co-workers developed a pH-sensitive amphiphilic
hydrogel for localized drug delivery.®” The backbone of the macromolecule
consisted of poly(ethylene  glycol)-block-poly(propylene  glycol)-block-
poly(ethylene glycol) (PEO-PPO-PEO) terminated with benzaldehyde on both
ends (Figure 1.22).57 The hydrogel was prepared by an inime forming cross-linking
reaction between glycol chitosan and the block copolymer triggered by the
increase from a slightly acidic to neutral pH.8” The gel was then drug loaded with
doxorubicin (DOX) and paclitaxel (PTX). The authors found that the drug release
could be tuned by adjustment of the pH. It was demonstrated that decreasing the
pH from physiological pH to adopt a slightly acidic environment could accelerate
dual drug release, making this a viable drug delivery system effective against

cancerous tissue.
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Figure 1.22. Preparation of cross-link glycol chitosan and benzaldehyde

terminated block co-polymer as report Yang and co-workers (2011).57
1.5 Thesis objectives

The overall goal of this thesis is to develop new mechanisms to control and trigger
the degradation of polyester hydrogels. The initial objective is to synthesize a
photo-sensitive OPF derivative by functionalizing the double bonds of the fumarate
units with pendent amino groups installed with a photo-cleavable protecting group
(Figure 1.23). Upon photochemical cleavage of these groups, should be followed
by the liberation of the free amine, and consequently undergoes an intramolecular
cyclization to cleave the adjacent backbone ester group by the formation of a
lactam ring. Degradation of these polymers will be studied by NMR spectroscopy
and size exclusion chromatography (SEC). Next, the functionalized OPF will be
integrated into a hydrogel network (Figure 1.24). The hydrogel will be
characterized and its degradation in response to UV light will be examined. This
work will demonstrate a proof of concept for the accelerated degradation of OPF-
like hydrogels in response to stimuli, that could later be applied to more biologically

relevant stimuli such as enzymes.
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Figure 1.23. General schematic of a triggerable pendent functionalized
poly(esters). a) Functionalization of a poly(ester) with a protected pendent group
followed by UV-irradiation. b) Poly(ester) with a liberated free amine and

undergoes cyclization to generate a lactam ring and an alcohol.
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Figure 1.24. Schematic illustration of a stimuli responsive OPF hydrogel network.
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Chapter 2

2 Oligo [poly (ethylene glycol) fumarate]
hydrogels with photo-sensitive pendent
groups

2.1 Experimental

2.1.1 General Experimental Details

General Materials. OPF,% 2-(tritylthio)ethanamine (1),%8 and 2-nitrobenzyl(4-
nitrophenyl)carbonate (2),%° were synthesized as previously reported. Toluene,
acetonitrile (MeCN), dichloromethane (CH2Cl2), and pyridine were purchased from
Caledon Laboratory Chemicals (Georgetown, ON, Canada). Hydrochloric acid
(HCI), triethylamine (NEts), poly(ethylene glycol) (Mn = 1500 g/mol) (PEG-1500),
trifluoroacetic acid (TFA), trityl chloride, potassium persulfate (KPS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), potassium carbonate, and poly(ethylene
glycol) diacrylate (PEG-DA) (Mn =575 g/mol) were purchased from Sigma Aldrich.
Cysteamine hydrochloride was purchased from Fluka Analytical. Fumaryl chloride
was purchased from Acros Organics. Sodium hydroxide was purchased from
Fisher Scientific. 4-Nitrophenyl chloroformate was purchased from TCI.
Hydroquinone was purchased from Anachemia Chemicals Ltd. Diethyl fumarate
was purchased from Alfa Aesar. All solvents and reagents were used as received
unless otherwise indicated. Toluene was distilled over sodium/benzophenone
under a nitrogen atmosphere before use. NEts and CH2Cl> were distilled over

calcium hydride (CaH2) under a nitrogen atmosphere before use.

General procedures. NMR spectra was recorded at 25 °C on a Bruker Avance
HDIII 400 MHz equipped with a Bruker HX smartprobe, Bruker Neo 600 MHz
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equipped with a Bruker HX iprobe, or Varian INOVA 600 MHz spectrometer
equipped with a Varian AutoXDB direct-detection NMR probe. The *H NMR and
13C NMR chemical shifts (8) are reported in parts per million (ppm) relative to
tetramethylsilane and calibrated against the residual solvent signals of deuterated
chloroform (CHCls, 7.26 ppm) or water (HOD, 4.80 ppm). Coupling constants (J)
are expressed in Hertz (Hz). Fourier-transform infrared spectroscopy (FTIR) was
performed using a PerkinElmer Spectrum Two FTIR spectrometer with an
attenuated total reflectance (ATR) attachment and a single reflection diamond. The
size exclusion chromatography (SEC) instrument was equipped with a Viscotek
gel permeation chromatography (GPC) Max VE2001 solvent module. Samples
were analyzed using the Viscotek VE3580 RI detector operating at 30°C. The
separation techniqgue employed two Agilent Polypore (300 x 7.5 mm) columns
connected in series and to a Polypore guard column (50 x 7.5 mm). Samples were
dissolved in chromatography grade tetrahydrofuran (THF) at approximately 5
mg/mL concentration and filtered through 0.22 um syringe filters. Samples were
injected using a 50 pL loop (56 uL volume). The THF eluent was filtered and eluted
at 1 mL/min for a total of 30 minutes. The number average molecular weight (Mn),
weight average (Mw), and polydispersity (D) were determined relative to PEG
standards with molecular weight ranges of 400 — 106,500 g/mol. High-resolution
mass spectrometry (HRMS) was conducted on a Synapt high definition mass
spectrometer using electrospray (ESI) ionization in either the positive or negative
ion mode. Samples were irradiated with either a UV box equipped with a diode
array (wavelength: 365-370 nm, intensity: 10 mW/m?) or a mercury lamp with an
energy and power density of UVA (12 mW/cm?), UVB (10 mW/cm?), UVC (2.7
mW/cm?), and UVV (9.6 mW/cm?).
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2.1.2 Synthetic procedures

Synthesis of Compound 3. Nitrobenzyl(4-nitrophenyl) carbonate (2) (4.10g, 12.8
mmol, 1.0 eq) was dissolved in 150 mL of MeCN and then 2-(tritylthio)ethanamine
(1) (5.35 g, 16.7 mmol, 1.3 eq) and NEts (7.2 mL) were added. The reaction was
stirred at room temperature overnight. The reaction was then concentrated under
reduced pressure and the products were redissolved in 150 mL of CH2Clz. The
mixture was transferred to a separatory funnel and the organic layer was washed
with 0.5 M K2COs solution (2 x 100 mL). The organic layer was then washed with
brine (2 x 50 mL) and the solvent was removed again under reduced pressure to
obtain Compound 3 as an off-white solid. The crude product was crystallized from
1:4 ethyl acetate: hexanes and recrystallized then washed with cold diethyl ether
to provide 5.33 g of a white solid. Yield = 83%. *H NMR (400 MHz, CDCIz): 5 8.09
(d, J=9.0 Hz, 1H), 7.62-7.55 (m, 2 H), 7.49 — 7.37 (m, 7 H), 7.29 (t, J = 7.4 Hz, 6
H), 7.22 (t, J=7.2 Hz, 3 H), 5.48 (s, 2 H), 4.90 (br, 1 H), 3.03 (dt, J = 6.3 Hz, 2 H),
2.44 (t, 6.3 Hz, 2 H). 3C NMR (101 MHz, CDClz): & 144.6, 133.7, 129.5, 128.7,
128.5, 128.0, 126.8, 124.9, 124.9, 77.0, 63.2, 39.8, 32.2. FT-IR: 3059 cm™, 1695
cm?, 1575 cm, 1520 cm. MS positive ion mode (m/z): calc’d for C29H26N2NaO4S:
521.1511; found 521.1505 [M+Na*]

NO, O

Synthesis of Compound 4. Compound 3 (5.32 g, 10.7 mmol, 1.0 eq) was
dissolved in 20 mL of anhydrous CH2Clz. Triethylsilane (8.52 mL, 53.4 mmol, 5.0
eq) was added to the solution followed by the addition of TFA (4.08 mL, 53.4 mmol,
5.0 eq). The reaction was stirred at room temperature under argon gas for 2 hours
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while monitoring by thin layer chromatography for completion. The TFA and CH2Cl2
were removed in vacuo and the crude mixture was purified by silica column
chromatography (1:4 ethyl acetate:hexanes) to obtain 2.02 g of Compound 4 as
an off-white solid. Yield = 74%. 'H NMR (400 MHz, CDCls): 3 8.09 (d, J = 8.3 Hz,
1H), 7.67 — 7.58 (m, 2H), 7.48 (t, J = 7.6 Hz, 1H), 5.52 (s, 2H), 5.27 (br, 1H), 3.40
(dt J = 6.3 Hz, 2H), 2.69 (dt, J = 6.4 Hz, 2H), 1.38 (t, J = 8.5 Hz, 1). 13C NMR (101
MHz, CDCls): & 155.8, 147.6, 133.8, 133.1, 128.7, 125.1, 63.5, 44.1, 25.0. FT-IR:
2933 cm?, 1691 cm™?, 1575 cm™, 1515 cm™. MS positive ion mode (m/z): calc’'d
for C10H12N2NaO4S: 279.0415; found 279.0410 [M+Na*]

Synthesis of Compound 5. Compound 4 (0.33 g, 1.3 mmol, 1.1 eq) and diethyl
fumarate (0.20 g, 1.2 mmol, 1.0 eq) were dissolved in 10 mL of MeCN. To this
mixture, triethylamine (0.36 mL, 2.32 mmol, 2.0 eq) was added and the reaction
was stirred overnight at 23 °C. The mixture was concentrated under reduced
pressure to obtain a crude yellow oil. The crude material was purified by silica
chromatography (1:4 ethyl acetate:hexanes) to obtain 0.47 g of Compound 5 as a
yellow oil. Yield = 96%. 'H NMR (400 MHz, CDCls3): 3 8.09 (d, J =9.1 Hz, 1H), 7.66
—7.59 (m, 4H), 7.46 (t, J = 7.5 Hz, 2H), 5.51 (s, 2H), 5.29 (br, 1 H), 4.21-4.14 (m,
8H), 3.69 — 3.65 (m, 1H), 3.47 (g, J = 6.2 Hz, 4H), 2.99 — 2.76 (m, 3H), 2.68 (dd, J
=17.1, 6.8 Hz) 1.29 — 1.23 (m, 6H). 13C NMR: (101 MHz, CDCls): 3 171.6, 170.6,
155.7, 133.7, 133.2, 128.5, 124.9, 77.3, 63.3, 61.6, 61.1, 41.2, 40.0, 36.3, 32.1,
14.11. FT-IR: 2982 cm, 1722 cm™, 1578 cm™, 1520 cm™. MS positive ion mode
(m/z): calc’'d for C1sH24N2NaOsS: 451.1151; found 451.1170 [M+Na*]
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Synthesis of OPF. PEG-1500 was dried through azeotropic distillation using dry
toluene and a Dean Stark apparatus under inert atmosphere (adapted from the
Lucas and coworkers).%” Fumaryl chloride was purified by distillation under argon
gas at 170 °C, stored under argon gas and placed in the freezer until use. The
PEG-1500 (20 g) was dissolved in 130 mL anhydrous CH2Cl2 with stirring and
purged under argon gas. Both distilled fumaryl chloride (1.3 mL, 12 mmol, 0.9 eq)
and anhydrous NEts (3.4 mL, 24 mmol, 2 eq) were dissolved in 12 mL of anhydrous
CH2Cl2 and slowly added to the reaction using an addition funnel over 2 hours at
0 °C. After complete addition of the fumaryl chloride and NEts, the reaction was
stirred for 30 min at 0 °C then left to stir at 23 °C for 24 h. About 1% (w/w) of
hydroquinone inhibitor (0.2 g) was then added to the mixture and the solvent was
removed by rotary evaporation to obtain a brown crude product. The product was
redissolved in 280 mL of ethyl acetate by heating at 40 °C for 30 mins with high
stirring. The salts were removed from the warm suspension by vacuum filtration
and then the filtrate was cooled to 0 °C for 2 h to precipitate the product. The
precipitate was collected by vacuum filtration and then the dissolution and
precipitation process was repeated. Finally, the precipitate was stirred in 1.0 L of
diethyl ether, filtered, washed with diethyl ether (3 x 100 mL) and dried to give 10.8
g of OPF as a white solid. The polymer was stored under argon in the freezer until
further use. Yield = 54%. 'H NMR (CDCI3, 400 MHz): 5 6.9 (s, 1.34 H), 4.36-4.34
(m, 3 H) 3.82-3.45 (m, 136 H). 13C NMR (101 MHz, CDCls): d 164.6, 133.4, 70.3,
68.7, 64.2. FT-IR: 2883 cm™, 1722 cm™, 1101 cm. M, = 5949 g/mol, B =2.20.



31

N
o’l%o O NO,

L, 1S

Post-polymerization functionalization of OPF (synthesis of OPF-NB-100).
OPF (400 mg, 0.253 mmol of alkene, 1.0 eq) was dissolved in 5 mL of MeCN.
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Compound 4 (194 mg, 0.758 mmol, 3.0 eq) was subsequently added to the
reaction mixture followed by the addition of triethylamine (0.26 mL, 53 mmol, 10
eq). The reaction was stirred at room temperature overnight. The solvent was
removed in vacuo resulting in a brown solid. 100 mL of diethyl ether was added to
the crude mixture and the resulting suspension was stirred for 15 mins. The
precipitate was collected by vacuum filtration and washed with diethyl ether (3 x
30 mL) and dried to yield 200 mg of the product. The purified product was stored
under argon and in the freezer. Yield = 50 %. *H NMR (400 MHz, CDCIls3) & 8.06
(d, J =8.2 Hz, 1H), 7.66-7.59 (m, 2H), 7.46 (t, J = 7.1 Hz, 1H), 5.89 (s, 1H), 5.50
(s, 2H), 4.41-4.18 (m, 4H), 3.81-3.40 (m, 136H), 3.02 -2.67 (m, 4H). 13C NMR:
171.8,170.7, 155.9, 133.8, 128.9, 128.6, 125.0, 72.7, 70.6, 68.9, 64.3, 63.3, 61.8,
41.1, 40.2, 36.2, 32.2. FT-IR: 3411 cm, 2884 cm?, 1960 cm'?, 1729 cmt. My =
6164 g/mol, D =1.95.
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Synthesis of OPF-NB-50. This polymer was synthesized by the same procedure
used for the synthesis of OPF-NB-100 except that 19.62 mg (0.077 mmol of
alkene, 1.0 eq) of compound 4 was used to provide 280 mg of product. Yield =
93%. 'H NMR (400 MHz, CDClz): & 8.07 (d, J = 8.1 Hz, 0.24 H), 7.68 — 7.54 (m,
0.54 H), 7.46 (t, J=7.9 Hz, 0.28 H), 6.88 (s, 0.76 H), 5.88 (s, 0.28 H), 5.50 (s, 0.67
H), 4.43 — 4.28 (m, 2.48 H), 4.24 - 4.18 (m, 1.39 H), 3.89 — 3.35 (m, 136H), 3.07 —
2.63 (m, 4H). *C NMR: & 164.62, 133.45, 128.61, 124.73, 72.40, 70.35, 68.68,
68.62, 64.24, 61.49, 39.90, 31.94, 1.68. M, = 5945 g/mol, D =1.74. FT-IR: 3440.
cm?, 2883. cm?, 1949.15 cm ,1525 cm™., 1465 cm™t. M, = 6088 g/mol g/mol, B
=2.31.

2.1.3 Degradation studies

Degradation of model compound studied by *H NMR spectroscopy.10 mg of
the model compound was dissolved in a deuterated phosphate buffer (pH 7.4,
0.1M): deuterated MeCN (3:5) solution and a *H NMR spectrum was obtained. The
sample was irradiated with diode array for 30 mins and the peak at ~5.37 ppm was
monitored by 'H NMR spectroscopy to ensure a complete cleavage of the
photogroup. In parallel, a control sample was prepared but was not irradiated. Both
the irradiated and non-irradiated samples were incubated at 37 °C for 9 days and

'H NMR spectra were obtained periodically.

Analysis of polymer degradation by *H NMR spectroscopy. 20 mg samples of
each of OPF, OPF-NB-50, and OPF-NB-100 were dissolved in 0.8 mL of



33

phosphate buffered D20 (pH = 7.4, 0.1 M). For samples with remaining fumarate
alkenes, 1% (w/w) of the inhibitor of hydroquinone was added to prevent any cross-
linking (i.e. OPF and OPF-NB-50). Each sample was irradiated with a diode array
for 30 mins, while control samples was incubated in a 37 °C oven without UV
irradiation. The samples were then incubated at 37 °C for 7 days in the dark and
'H NMR spectra were obtained at various time intervals.

Analysis of polymer degradation by SEC. 40 mg samples of each of OPF, OPF-
NB-50, and OPF-NB-100 were dissolved in 0.8 mL of 0.1 M phosphate buffer (pH
= 7.4). For samples with remaining fumarate alkenes, 1% (w/w) of the inhibitor of
hydroquinone was added to prevent any cross-linking (i.e., OPF and OPF-NB-50).
Each sample was irradiated with a diode array for 30 mins, while control samples
were prepared in the absence of UV irradiation. The samples were then incubated
at 37 °C for 7 days and 100 yL aliquots were removed at various time points,
lyophilized to remove the water, redissolved in THF, filtered, and analyzed by SEC.

2.1.4 Hydrogel studies

Preparation of hydrogels (OPF / OPF-NB-50). Hydrogels were formulated with
compositions of 30% (w/w) polymer. A 4:1 mass ratio of OPF or OPF-NB-50 (200
mg) and PEG-DA (44.64 pL) was dissolved in 290 pL of distilled water. TEMED
(8.75 pL) was added to the mixture and the solution was stirred for 1 min.
Subsequently, 0.2 M KPS (290 pL) in distilled water was added to the mixture. The
resulting solution was stirred for approximately 10 seconds in an ice bath and then
the contents of the mixture were transferred into a 1 mL syringe. The final
concentrations of the KPS and TEMED were 0.1 M. The sample was incubated at
37 °C overnight.

Determination of the gel content, equilibrium water content, and mass
swelling ratio. Gel content and the equilibrium water content measurements were
performed in triplicate. The initial mass (mi) of the hydrogel after preparation was

recorded and the theoretical mass (m:) of the polymer involved in the cross-linking
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was calculated as mix 0.3 based on the 30% (w/w) in the formulation. The gel was
then swelled in PBS buffer solution for 24 h and the swollen mass (ms) was
recorded. The gels were then immersed in distilled water for at least 24 h to remove
salts and non-cross-linked materials. Finally, the swollen gel was frozen with liquid
nitrogen and lyophilized to obtain a dried gel mass (md). The gel content, EWC,
and mass swelling ratio were calculated using the equations (1-3).

mgq
Gel content = — x 100% (D
my
ms — Mg
EWC = —— x 100% (2)
mS
. , ms —m;
Mass swelling ratio = B x100% 3)

L

Measurement of the compression moduli. Gels prepared from OPF and OPF-
NB-50 were prepared in 1 mL syringes. Cylindrical gels were prepared with
diameter x height dimensions of ~6 mm x 5 mm and equilibrated in PBS overnight
(n = 3). Unconfined compression tests were conducted using a UniVert system
(Cellscale, Waterloo, ON, Canada) equipped with a 10 N or 0.5 N load cell in a 37
°C PBS bath, OPF and OPF-NB-50 gels were tested using 10 N and 0.5 N load
cell, respectively. To provide a complete contact between the gel and plates an
initial compressive contact of 0.01 N was applied and compressed to 20% strain
at a rate of 0.5% s1. Measurements were taken before and after UV irradiation for
a total of 10 days. Gels (n = 3) were irradiated for 8 hours of UV irradiation followed
by 16-hour incubations at 37 °C each day. Non-irradiated gels (n = 3) were
incubated for 8 hours on the first day and followed by subsequent 24-hour
incubation periods at 37 °C. Irradiated and non-irradiated gels were measured at
the 5" and 10" day. Nominal stress was calculated by dividing the applied force
by the cross-sectional area of the gels. The compression moduli were calculated
from the slope of the linear region of the stress-strain curve between 5% and 15%

strain.
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Hydrogel degradation analysis by 'H NMR spectroscopy. Dried gels (15 mg)
of OPF-NB-50 and OPF-NB-100 were separately immersed in 800 pL of
deuterated PBS and 1 uL of MeCN was added an internal standard. The immersed
gels were irradiated with a mercury lamp for 8 h each day over 9 days and
incubated overnight at 37 °C. A parallel set of samples were prepared in similar
fashion without the irradiation of UV light. Gel degradation was monitored by 'H

NMR spectroscopy.
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Chapter 3

3 Results and discussion

3.1 Synthesis of a photo-labile model compound

A model compound was synthesized to demonstrate that the predicted
cyclization reaction could occur upon photochemical unmasking of a pendent
amino  group.  2-(Tritylthio)ethanamine (1)  and  2-nitrobenzyl(4-
nitrophenyl)carbonate (2)%° were combined in the presence of triethylamine in
acetonitrile to provide compound 3 (Scheme 3.1). Cleavage of the trityl protecting
group was conducted using TFA in the presence of triethylsilane in CH2Cl2 to give
compound 4. Next, 4 was treated with diethyl fumarate in MeCN in the presence

of triethylamine to provide the model compound 5.

W, = W),
O NO, O /©/N°z — > NO, j\
HoN ~g ) t ~oo MeCN 0

N
TFA, HSiEt, S O
e O B

CH,ClI, MeCN, Et;N HN
74% 0" "0 96%
4 NO, 5

Scheme 3.1. Synthetic route towards a photosensitive model compound (5).



The new small molecules 3 - 5 were characterized by *H NMR spectroscopy, 13C
NMR spectroscopy, FT-IR spectroscopy, and electrospray ionization mass
spectrometry (ESI-MS). In the 'H NMR spectrum of 5, peaks from 8.1 - 7.5 ppm
correspond to the protons on the aromatic ring (Figure 3.1). Peaks from 5.52 -
5.46 ppm represent the methylene protons next to the carbamate linkage and the
N-H proton. Peaks from 4.2 - 4.1 ppm indicate the methylene protons next to the
ester oxygen. The peak at 3.67 ppm corresponds to the methine proton adjacent
to the thioether. The peaks between 2.95 ppm to 2.68 ppm are a series of
multiplets corresponding to the methylene protons adjacent to the ester and the
methylene protons neighbouring the sulfur atom. Finally, the peaks corresponding

to the methyl protons are at ~1.3 ppm.
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Figure 3.1. 'H NMR (CDCls, 400 MHz) spectrum of compound (5).
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3.2 Degradation of the model compound after

photochemical cleavage

The cyclization of the model compound after photochemical cleavage of the
pendent group was examined. Compound 5 was dissolved in a mixture of 3:5
deteurated phosphate buffer (pH = 7.4, 0.1 M):CDsCN to ensure a complete
dissolution. Two samples were prepared, one sample was irradiated with UV light
for 30 min. Another sample was prepared in the absence of UV light and both
compounds were incubated at 37 °C and monitored over the course of several
days. After 30 min of UV irradiation, the peaks corresponding to the aromatic
protons had significantly decreased in intensity (Figure 3.2). The peak at ~5.36
ppm corresponding to the benzylic methylene protons of the pendent group had
substantially decreased in intensity. The peak at 3.3 ppm corresponding to the
methylene group adjacent to the carbamate shifted upfield to ~3.1 ppm. These
changes suggest that within the span of 30 min, the o-nitrobenzyl group underwent
a Norrish I mechanism in response to UV light. This would generate a nucleophilic
primary amine to attack the adjacent ester, forming a 6-membered ring. After this
initial period, further changes were observed over the next several days. For
example, a new quartet appeared at 3.52 ppm corresponding to released ethanol.
In addition, the peak at 3.1 ppm corresponding to the methylene group adjacent to
the pendent amine gradually disappeared. Furthermore, additional changes
occurred in the spectra from 3.2 - 2.6 ppm presumably corresponding to the
cyclization reaction. In contrast, when model compound 5 was not irradiated with
UV light, no changes in the spectra occurred over 8 days (Figure 3.3). These
results demonstrate that the observed changes for the irradiated compound could
not be attributed to simple ester hydrolysis. While the cyclization was rather slow
in this solvent mixture containing >60% acetonitrile, it would be anticipated to be

more rapid in a fully aqueous system.38: 3°
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Figure 3.2. *H NMR spectrum of compound 5 (3:5 deuterated phosphate buffer
(pH = 7.4, 0.1 M):CD3sCN, 600 MHz) before and after UV irradiation (365—-370 nm)
and at various time points after incubation at 37 °C. Note that the intensity of the
peaks decreases over time, likely due to some precipitation of the cyclized product,

as the solution was observed to become turbid.
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Figure 3.3. 'H NMR spectrum of compound 5 (3:5 deteurated phosphate buffer
(pH = 7.4, 0.1 M):CD3sCN, 600 MHz) after incubation and at various time points at
37 °C.

3.3 Synthesis and functionalization of OPF

OPF was synthesized as previously reported,>® except that the polymerization was
run for 24 h instead of 48 h to minimize the chance of spontaneous cross-linking
(Scheme 3.2). The polymer had an My of 5950 g/mol and D of 1.74 based on SEC
in THF relative to PEG standards. 'H NMR spectroscopy in CDCIz showed an
intense peak at 3.64 ppm associated with PEG (Figure 3.4). There are also peaks

at 4.34 ppm that are due to the methylene protons adjacent to the fumarate unit.
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Further downfield, a peak appears at 6.90 ppm that represents the remaining

alkene protons of the fumarate.

0
C'Nm +  Ho~joH

(0]

EtsN

CH,Cly, 24 h

H{N?HM#

4

Et;N, MeCN, 16 h

OPF

wWwH(wﬂ
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Scheme 3.2. Synthesis of OPF and its conversion to OPF-NB-50 or OPF-NB-100.
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Figure 3.4. *H NMR spectra (CDCls, 400 MHz) of a) OPF, b) OPF-NB-100, and c)
OPF-NB-50.

To fully functionalize the OPF with the photochemically-responsive pendent group,
the OPF was reacted with 3.0 equivalents of thiol 4 in MeCN to provide OPF-NB-
100 (Scheme 3.2) based on disappearance of the peak corresponding to the
alkene in the 'H NMR spectrum (Figure A10). The choice of solvent for the
functionalization reaction was important as this would result in significantly differing
Mn values for the resulting polymers and varying functionalization kinetics. Polar
protic solvents such as methanol resulted in smaller chains likely due to
transesterification of the ester bonds. Other protic solvents such as isopropanol
and ethanol failed to fully dissolve the polymer. Furthermore, co-solvent mixtures
involving the use of THF to aid in the dissolution in ethanol and isoproponal
resulted in slow reaction rates and incomplete functionalization.”® On the other

hand, the use of MeCN resulted in complete disappearance of the fumarate alkene
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peaks over 16 h, indicating quantitative functionalization (Figure A13). SEC
indicated the Mn of the fully functionalized polymer was found to be 6164 g/mol
and similar D to the starting OPF. Next, the random co-polymer OPF-NB-50 was
prepared by reaction with 0.5 equivalents of thiol 4 relative to the calculated moles
of alkene, resulting in functionalization of ~45% of the alkene bonds based on the
reduction in the peak integral corresponding to the alkene (Figure A10). SEC

showed that the polymer chains had an Mn value of 5955 g/mol.

3.4 Degradation studies of OPF and functionalized
OPF

OPF, OPF-NB-50, and OPF-NB-100 were studied to determine how rapidly
degradation would occur at 37 °C in phosphate buffer at pH 7.4 in the presence of
UV light (Figure 3.5) and in the absence of UV light. The inhibitor hydroquinone
was added to the solutions of OPF and OPF-NB-50 to avoid undesired crosslinking
reactions. For the non-functionalized OPF (Figure 3.6), no significant changes
were observed when it was irradiated for 30 minutes with UV light. After one day
of incubation at 37 °C, the alkene region between 7.0 and 6.5 ppm began to
change, with a decrease in the intensity of the initial alkene peak and the
emergence of new peaks, which likely correspond to alkenes next adjacent

carboxylates, arising from simple hydrolysis of the polymer.

Specifically, two doublets appeared at 6.95 ppm and 6.53 ppm, with a coupling
constant of J = 14.9 Hz, consistent with a trans configuration. This
desymmetrization of the alkene would arise if one side of the fumarate was
hydrolyzed resulting in two different alkene protons to couple to each other. In
addition, the peak corresponding to the methylene group of PEG, adjacent to the
fumarate, began to decrease and a new peak arose at 4.25 ppm presumably
corresponding to the same methylene but with an adjacent fumarate carboxylate.
These changes continued over the next several days, with the methylene peak

reaching 4.5% of its initial integration after 7 days. The same results were obtained
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for OPF that was not treated with UV light but was incubated in the same manner
over 7 days (Figure 3.7).

d

UV-irradiation OPF-NB-50
® ..
@

OPF-NB-100 OPF-NB-100

Figure 3.5. Schematic depicting the degradation of the functionalized OPF chains
containing o-nitrobenzyl carbamate-functionalized amines, undergoing cyclization

and consequently breaking down the backbone.
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Figure 3.6. 'H NMR spectrum (deuterated phosphate buffer (pH 7.4, 0.1 M)), 600
MHz) of OPF, before and after UV irradiation (365-370 nm) and at various time

points after incubation at 37 °C. (* = hydroquinone, t = incubation period at 37 °C).
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= incubation period at 37 °C).

Next, the degradation of OPF-NB-100 was investigated. Peaks from the polymer
were relatively broad, due to the functionalized polymer’'s limited solubility in
deuterated phosphate buffer (Figure 3.8). However, it was found that after
irradiation with UV light for 30 min, peaks corresponding to the o-nitrobenzyl
carbamate disappeared. Then, over the next several days there was a reduction
in the intensity of the peaks from 4.4 — 4.2 ppm corresponding to the methylene
groups adjacent to the ester groups, and changes in the region between 3.2 — 2.8
ppm, consistent with cyclization or hydrolysis related to ester cleavage as in the
model compound and according to assignments by Lv and co-workers.”t
Unfortunately, the broadness of the relevant peaks and their low intensity made

guantification of these changes in the NMR spectra impossible.
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Figure 3.8. IH NMR spectra of OPF-NB-100 (deuterated phosphate buffer (pH 7.4,
0.1 M), 600 MHz) before and after irradiation with UV light (365-370 nm) followed

by incubation at 37 °C at various time points. (t = incubation period).

When OPF-NB-100 was not irradiated with UV light, no significant changes in the

'H NMR spectra were observed (Figure 3.9). These results indicated that the rate

of background ester hydrolysis for the functionalized OPF was much slower than

that of OPF. The slower ester hydrolysis rate for OPF-NB-100 can likely be

attributed to increased hydrophobicity and steric hindrance associated with the

esters in this polymer compared with OPF.
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Figure 3.9. 'H NMR spectrum of OPF-NB-100 (deuterated phosphate buffer (pH
7.4, 0.1 M), 600 MHz) after incubation at 37 °C at various time points. (t =
incubation period).

Figure 3.10 shows the degradation of OPF-NB-50 monitored by 'H NMR
spectroscopy. The peaks from 8.2 - 7.6 ppm and the peak at 5.5 ppm correspond
to the o-nitrobenzyl group. Post UV irradiation, these signals disappeared,
indicating complete cleavage of the protecting group, and unmasking of the free
amine. After this, the changes were consistent with those observed for OPF and
OPF-NB-100. For example, the peaks from 4.4 — 4.2 ppm corresponding to the
methylene protons adjacent to the ester groups decreased in intensity. In addition,
new alkene peaks emerged corresponding to cleavage of the esters of the
remaining fumarate groups. Furthermore, changes in the peaks between 3.3 — 2.7

ppm were observed, consistent with probable cyclization.
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Figure 3.10. *H NMR spectrum of OPF-NB-50 (deuterated phosphate buffer (pH
7.4, 0.1 M), 600 MHz) before and after UV irradiation (365-370 nm) followed by

incubation at 37 °C at various time points. (* = hydroquinone, t = incubation period).

In the control experiment, where OPF-NB-50 was not irradiated with UV light, the
peaks corresponding to the o-nitrobenzyl group remained intact (Figure 3.11) but
hydrolytic cleavage adjacent to the fumarate occurred, as evidenced by the
intensity of the alkene peak at 6.9 ppm decreasing, and new doublets emerging at
6.9 and 6.5 ppm as for unfunctionalized OPF. In addition, the peak 4.4 ppm
corresponding to the methylene protons adjacent to the esters decreased
somewhat in intensity. However, there were no significant changes in the spectrum

from 3.3 - 2.7 ppm, suggesting that cyclization did not occur.
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Figure 3.11. *H NMR spectrum of OPF-NB-50 (deuterated phosphate buffer (pH
7.4, 0.1 M), 600 MHz) in the absence of UV-irradiation and after incubation at 37

°C. (* = hydroquinone, t = incubation period).

As degradation of the polymers was difficult to quantify by *H NMR spectroscopy
alone, the process was also studied by SEC. The samples were irradiated with UV
light for 30 mins in a 50 mg/mL polymer solution. Then, SEC samples were
obtained for irradiated and non-irradiated solutions of the polymers in phosphate
buffer (pH = 7.4) incubated at 37 °C over 7 days. Quantitation of the SEC traces
were integrated from the retention times from 14 mins to 20 mins and plotted as
%initial Mn and Mw against time.

Figure 3.12 shows the degradation of OPF. In the span of 7 days, there was a
significant shift in the retention volume to larger volumes, confirming that the OPF
underwent ester hydrolysis, as observed in the NMR spectroscopy study. Non-
irradiated OPF exhibited the same behaviour (Figure 3.13). These results agree
with those of the NMR spectroscopic study indicating that UV light did not have a
significant effect on the polyester if there were no photo-responsive groups. The

Mn of the initial polymer distribution decreased from 100% to 21% of its initial value
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after 1 day and down to 16% after 3 days (Figure 3.14). Furthermore, a peak
emerged at 18.3 min corresponding to the release of PEG-1500. By 7 days, the
polymer had almost completely broken down to PEG, with similar corresponding
initial Mn of 16%.

=—Non-irradiated

t=1day

t=2 days
-t =3 days
=t =7 days

0.5

Normalized refractive index

14 15 16 17 18 19 20

Retention Volume (mL)

Figure 3.12. SEC traces of OPF (THF) before and after UV irradiation (365-370
nm) followed by incubation periods in phosphate buffer (pH = 7.4) at 37 °C at

various time points over 7 days.
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Figure 3.13. SEC traces of non-irradiated OPF (THF) after incubation in

phosphate buffer (pH = 7.4) at 37 °C at various time points over 7 days.
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Figure 3.14. Molecular weight loss (%) of irradiated and non-irradiated OPF over

7 days of incubation at 37°C in phosphate buffer (pH 7.4).
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Figure 3.15 shows the degradation profile of OPF-NB-100 in phosphate buffer (pH
7.4) incubated at 37 °C over several days after irradiation with UV light. After 1 day
of incubation, the retention volume shifted from 15.9 mL to 16.7 — 17.0 mL. This
significant shift in retention volume is likely attributed to the liberation of the amine
group and resulting cyclization and release of PEG-1500. The degradation
continued over 7 days, resulting primarily in the peak due to PEG-1500. Figure
3.16 depicts the degradation of non-irradiated OPF-NB-100. Minimal shifts in the
retention volume were observed over 3 days, after which a small degree of further
degradation was observed by 7 days. Whereas irradiated OPF-NB-100 underwent
a 70% decrease in the initial Mn% and 65% decrease in the initial Mw% over 1
day, decreases of only about 9% were observed for the non-irradiated control
(Figure 3.17). Near 7 days, the degradation rates of the irradiated and non-
irradiated converged to some extent, as the polymers were converted to free PEG
chains.

0.5

Normalized Refractive Index

14 15 16 17 18 19 20

Retention Volume (mL)

Figure 3.15. SEC traces of OPF-NB-100 (THF) before and after UV-irradiation
(365-370 nm) followed by incubation periods in phosphate buffer (pH = 7.4) at 37

°C at various time points over 7 days.



54

——non-irradiated
——t = 1 day
t=2 days
-t = 3 days
-t =7 days

0.5

Normalized refractive index

14 15 16 17 18 19 20

Retention volume (mL)

Figure 3.16. SEC traces of OPF-NB-100 (THF) after incubation in phosphate
buffer (pH = 7.4) at 37 °C at various time points over 7 days.
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Figure 3.17. Molecular weight loss (%) of OPF-NB-100 over 7 days of incubation
at 37°C in phosphate buffer (pH 7.4).

Finally, the degradation of OPF-NB-50 was also investigated by SEC. Figure 3.18
and Figure 3.19 shows the degradation of OPF-NB-50 after being subjected to 30
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min of UV irradiation and in the absence of UV light respectively. The polymer
underwent degradation largely to PEG over 7 days, with a decrease in Mn to 23 %
of its original molar mass over 1 day and to 18 % after 7 days (Figure 3.20). Mw
was reduced to 22% of the initial value after 1 day and 12% after 7 days. As only
about 50% of the fumarate double bonds were functionalized to enable cyclization,
this degradation arose due to simultaneous intramolecular cyclization and
hydrolysis of the esters adjacent to the remaining fumarates. For the control, non-
irradiated OPF-NB-50, the Mn decreased to 31% of its initial value after 1 day, and
23% of the initial value after 7 days (Figure 3.19). Mw was reduced to 33% of the
initial value after 1 day and 17% after 7 days. The differences between the
irradiated and non-irradiated polymers can be attributed to cyclization-mediated
cleavage of the irradiated polymer. However, as both polymers had residual

fumarate bonds, some hydrolysis could occur regardless of irradiation.
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Figure 3.18. SEC traces of OPF-NB-50 (THF) before and after UV-irradiation (365-
370 nm) followed by incubation periods in phosphate buffer (pH = 7.4) at 37 °C at

various time points over 7 days.
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Figure 3.19. SEC traces of OPF-NB-50 (THF) after incubation in phosphate buffer
(pH = 7.4) at 37 °C at various time points over 7 days.
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Figure 3.20. Molecular weight loss (%) of OPF-NB-50 over 7 days of incubation
at 37 °C in phosphate buffer (pH 7.4)
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3.5 Synthesis, characterization, and degradation of

hydrogels

Hydrogels were prepared by using a 4:1 weight ratio of (OPF/OPF-NB-50) to PEG-
DA followed by the addition of water-soluble radical initiator with final
concentrations of 0.1 M KPS in the presence of 0.1 M TEMED catalyst (Scheme
3.3 and Scheme 3.4). This procedure was adapted from the Mikos group, while
reducing the amount of cross-linker content from 2:1 OPF:PEG-DA due to the
reduced content double bonds in OPF-NB-50.72 Furthermore, the cross-linker
content was decreased to reduce the number of cross-linking reactions between
PEG-DA and itself, which would lead to non-stimuli-responsive components in the
network. 30% (w/w) polymer was used in the formulation because formulations of
OPF-NB-50 at lower polymer content such as 15% or 25% w/w resulted in viscous
liquids or very fragile gels respectively.
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Scheme 3.3. Radically initiated cross-linking of OPF.
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Scheme 3.4. Radically initiated cross-linking of OPF-NB-50.

The gel content, equilibrium water content, and mass swelling ratios of the OPF
and OPF-NB-50 hydrogels were measured (Table 3.1). The mass swelling ratio
after equilibrating both gels of OPF and OPF-NB-50 in PBS showed similar results,
despite it being anticipated that the OPF-NB-50 gel would have a larger mass
swelling ratio due to the lower degree of cross-linking density within the polymer
and consequently larger pores. However, the gel content of the OPF-NB-50
network was lower, at 47% compared to 77% for the OPF hydrogel. Both gels were
equilibrated in distilled water to measure the equilibrium water content (EWC). The
OPF-NB-50 gel contained ~96% water, whereas OPF gel contained 93% water.
The EWC for the OPF-NB-50 would be higher because the gel content is lower
than OPF.



59

Scanning electron microscopy (SEM) images taken at a 20 ym scale revealed that
the surface of the OPF-NB-50 gels contained a porous structure (Figure A19). In
contrast, SEM imaging of the 30 wt% OPF at a 20 ym scale did not show any

visible pores on the surface of the gel which suggest higher cross-linking density.

Table 3.1. Gel characterization of OPF and OPF-NB-50 gels

Mass swelling
30 wt% Gel content ratios EWC
OPF 77+ 1 64 +1 93.0+0.4
OPF-NB-50 47 +1 63+1 95.7+0.2

The degradation of the OPF and OPF-NB-50 hydrogels were then studied by 'H
NMR spectroscopy after immersing the hydrogels in pH 7.4 deuterated PBS. OPF
and OPF-NB-50 hydrogels were irradiated with a diode array for periods of 8 h
each day and subsequently incubated at 37 °C overnight. This process was
repeated for 8 days. It should be noted that longer irradiation times were used for
these hydrogels compared to the polymer solutions as it was more difficult for the
UV light to penetrate the gels. Control hydrogels were not irradiated but were

incubated at 37 °C and 1 uL of acetonitrile was used as a reference peak.

Before UV irradiation, no peaks were observed for OPF-NB-50, as the polymer
motion was constrained in the network (Figure 3.21). When OPF-NB-50 hydrogel
was irradiated with UV light, a sharp peak at 3.7 ppm emerged over several days.
This peak is likely associated with the release of free PEG molecules into solution.
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Figure 3.21. *H NMR spectra (D20, 600 MHz) of OPF-NB-50 hydrogel in PBS
before and after UV irradiation (365-370 nm) followed by various irradiation and
incubation periods (t = hours of UV treatment + incubation periods at 37 °C at pH
=7.4).

For the non-irradiated OPF-NB-50 sample, the PEG peak at 3.70 ppm was much
broader and could be detected even in the initial sample, likely corresponding to
PEG chains incorporated into the network, but retaining some mobility (Figure
3.22). Over time, the peak height increased compared to the CHsCN peak,
suggesting that the chains became more mobile, presumably due to some degree
of ester hydrolysis. However, the peak remained broader than that observed for
the irradiated OPF-NB-50 hydrogels.
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Figure 3.22. *H NMR spectra (D20, 600 MHz) of the non-irradiated OPF-NB-50
hydrogel in PBS after various incubation periods (t = incubation periods at 37 °C
at pH = 7.4).

OPF hydrogels were also subjected to similar treatments to observe their
degradation behaviour. Both irradiated and non-irradiated OPF hydrogels
degraded to some extent over 8 days, but the ratio of the PEG peak height to that
of CH3CN remained much lower than that of the OPF-NB-50 hydrogels (Figure
3.23-3.24). This degree of degradation presumably arose from background
hydrolysis of the esters in the network. Interestingly, whereas the background
degradation of OPF itself was much faster than non-irradiated OPF-NB-50, the
OPF hydrogel appeared to degrade more slowly than the OPF-NB-50 hydrogels.
This change can likely be attributed to the consumption of the fumarate alkenes
during the cross-linking as these moieties seemed to accelerate background

hydrolysis in the free polymers.
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Figure 3.23. 'H NMR spectra (D20, 600 MHz) of 30 wt% OPF hydrogel in PBS
before UV irradiation and after various UV irradiation (365-370 nm) and incubation

periods (t = hours of UV treatment + incubation periods at 37 °C at pH = 7.4).



63

HOD
PEG
‘ CH;CN
|
t=200 hrs ofincubaton f I S _ , |
|
t=176 hrs of incubation || | )
t =128 hrs of incubation | ;’L_ J[
t = 80 hrs of incubation | . |I
t=32hrs of incubation | ) D - n__J_
t=8 hrs of incubation | _‘ l
_ | i _ - _ _ L
t=o Jl_ i N L
! ' I'ﬂ‘ ‘1‘4‘5‘4‘/‘4‘ |4.i|4‘l‘ 5‘5‘ i‘/‘:i‘.f:l !.il !‘1‘}‘3‘)‘/‘)‘ ‘}Iil}‘ll IIJ. 1I
Chemical Shift (ppm)

Figure 3.24. NMR spectra (D20, 600 MHz) of the 30 wt% OPF hydrogel in PBS

after various incubation periods (t = incubation periods at 37 °C at pH = 7.4).
3.6 Compressive moduli of the degrading hydrogels

Initially, the OPF-NB-50 hydrogel appeared as a soft light orange gel while the
OPF gel was a stiffer dark orange gel. After equilibrating the two gels in PBS for
one day, the OPF-NB-50 gel became white and opaque while the OPF gel became
yellow and transparent. Each of the OPF-NB-50 and OPF gels were prepared in
triplicate. One set of triplicates served as the irradiated set followed by periods of
incubation while the other would be incubated without UV-irradiation. Similar to the
previous gel degradation experiment, it was hypothesized that the functionalized
gels would require long periods of irradiation to ensure the complete cleavage of
o-nitrobenzyl protecting group. Thus, the cylindrical gels were immersed in a PBS

solution and irradiated for 8 h each day with a mercury lamp for 10 days.

The compressive moduli were measured initially, and then after 5 days of
treatment (3). The initial modulus of the OPF-NB-50 gel was 9.58 + 3.97 kPa
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(Figure 3.25). The relatively high standard deviations can be attributed to
variability in the gel-to-gel preparation. After 5 days of UV irradiation, the modulus
of the irradiated OPF-NB-50 hydrogel was too low to accurately measure. This is
likely to be attributed to chemical bond cleavage events resulting in the breakdown
of the gel network. In contrast, the non-irradiated gels showed an insignificant
reduction in stiffness which remained at 8.8 + 4.0 kPa after 5 days of incubation
and 8.2 £ 3.7 kPa after 10 days. These results suggest that the presence of UV
light leads to a predominantly photochemically induced cleavage process rather

than ester hydrolysis.

— = -
» o o =) ] I

Compressive modulus (kPa)

5]

Could not be
measured

(=]

OPF-NB-50 5 days 10 days 5 days 10 days

(initial) — | |

uv No UV

Figure 3.25. Compressive moduli of non-irradiated and irradiated OPF-NB-50
hydrogels in PBS. Irradiated samples (UV) were irradiated for 8 h followed by
incubation at 37 °C for 16 h each day for total of 10 days. Compression tests were
performed prior to treatment and after 5 and 10 days. The control samples were
incubated at 37 °C for the same amount of time. Error bars correspond to the

standard deviation on triplicate samples.

Finally, the OPF gels were also tested to evaluate the effects of UV light on
chemically similar but non-UV-responsive materials. Initially, the OPF hydrogel
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had a compressive modulus of 164 + 18 kPa (Figure 3.26). This modulus is much
higher than that of the OPF-NB-50 hydrogel, a result that can likely be attributed
to a higher density of cross-links when all of the double bonds remained
unfunctionalized. After 5 days of UV light treatment and incubation, the
compressive modulus decreased to 153 + 23 kPa then after 10 days, it fell to 148
+ 24 kPa. Control OPF hydrogels behaved similarly with the modulus dropping to
153 + 14 kPa after 5 days, and 143 + 8 KPa after 10 days. While there was a trend
towards lower moduli with continued irradiation, this could be explained by minor
hydrolytic cleavage of some bonds in the network. The change was not statistically
significant and confirmed that the reduction in modulus for OPG-NB-50 hydrogels
upon UV treatment was not due to non-specific photochemical breakdown of the

network.
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Figure 3.26. Compressive moduli of non-irradiated and irradiated OPF hydrogels
in PBS. Irradiated samples (UV) were irradiated for 8 h followed and incubation at
37 °C for 16 h each day for total of 10 days. Compression tests were performed
prior to treatment and after 5 and 10 days. The control samples were incubated at
37 °C for the same amount of time. Error bars correspond to the standard deviation

on triplicate samples.
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Chapter 4

4 Conclusions and Future work

In conclusion, this work presents preliminary results of the functionalization and
degradation of oligo [poly(ethylene glycol) fumarate] with novel photo-sensitive
moieties. These gels can be incorporated into gel networks to trigger on demand
degradation of OPF gels (Figure 4.1).

Chapter 3 illustrated the synthesis of a novel photo group derived from a o-
nitrobenzyl alcohol and incorporation of these pendent groups into gel matrices.
This novel pendent group was used to functionalized a previously synthesized
oligomer OPF.%¢ Different levels of functionalized OPF (0%, 50%, 100%) was
compared to study the effects of the cyclization spacers in the presence of UV light
and monitored by *H NMR spectroscopy and SEC. The SEC results show that the
non-functionalized OPF rapidly degraded in 0.1 M of phosphate buffer (pH 7.4) at
37 °C due to its susceptibility to simple ester hydrolysis. In comparison,
functionalized OPF exhibited to yield enhanced triggered degradation when
irradiated with UV-light compared to the absence of UV light proportional to the
level of functionalization. Therefore, it would be possible to tune the rate of
degradation of the oligomer based on the number of functionalization and alkene

bonds consumed.

When the photo-sensitive pendent group gels were prepared by radical initiation
in a 30 wt% formulation using a 1:4 cross-linker to oligomer content. These
formulations developed into distinct soft gels while formulations below 30 wt%
typically resulted in amorphous solids. Meanwhile, the non-functionalized gels
were mechanically stiffer compared to their functionalized counter parts. *H NMR
spectroscopy indicated that the functionalized OPF gels quantitively degraded
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much faster than the non-functionalized OPF. Finally, the gels were equilibrated in
PBS and irradiated followed by incubation at 37 °C or just incubated at 37 °C for
10 days. Mechanical testing indicated that the OPF-NB-50 gels yielded lower
compression modulus compared to non-irradiated OPF-NB-50. However, the
compression data of the non-functionalized OPF gels remained the same
regardless of UV light.

Further work needs to be done to optimize the mechanical properties of the gel
such as increasing the cross-linker content to construct a stiffer gel. Overall, the
introduction of new cyclization spacer systems presents itself as an attractive
quality for potential development within applications of controlled drug release.

Gel network

Hydrogel Degraded Hydrogel

Figure 4.1. Schematic presenting a cross-linked OPF hydrogel network
functionalized with photo-cleavable groups and irradiated by UV light, triggering a
backbone cleavage event through cyclization, thereby leading to the break down
of the hydrogel network.
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Figure A19. A) 30 wt% formulation hydrogel of OPF-NB-50 B) 30 wt% formulation
hydrogel of OPF C) SEM imaging of 30 wt% hydrogel of OPF-NB-50 magnified at
20 ym D) SEM imaging of 30 wt% hydrogel of OPF at 20 ym magnified at 20 ym.
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