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ABSTRACT

Herein, the discovery and application of a novel class of supramolecular
secondary interactions between the cycloaddition products of the inverse electron-
demand Diels Alder (IEDDA) tetrazine-norbornene click reaction is described. First, a
direct comparison of the bulk properties of poly(ethylene glycol) (PEG) hydrogels
crosslinked with either the radical-mediated thiol-norbornene reaction or the tetrazine-
norbornene reaction revealed significant and unexpected differences in the two gels.
These differences in the storage moduli, swelling, and susceptibility to hydrolytic
degradation of the two gel formulations could not be attributed to differences in
crosslink density or crosslinking reaction efficiency. However, molecular dynamics
simulations suggested the existence of supramolecular interactions between the
tetrazine-norbornene click products (TNCP) which could provide additional physical
crosslinking of the network. This was confirmed by the gelation of multi-arm PEG
macromers end-functionalized with TNCP in the absence of covalent crosslinking.
Unlike other supramolecular crosslinking moieties, TNCP can be synthesized in sifu in
physiologic conditions with the bio-orthogonal IEDDA reaction without the need for
exogenous initiators or adjustment in pH, temperature, or ion concentrations. /n situ
TNCP installation was then leveraged as a mechanism for bio-orthogonal, controlled gel
stiffening in a pre-existing and enzymatically-degradable covalent PEG-peptide network.
Pendant TNCP groups demonstrated a concentration-dependent effect on bulk gel

modulus, and TNCP installation yielded an approximately 2 kPa increase in shear
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storage modulus over the course of 4-6 hours. This approach had no effect on the
viability of encapsulated cells and the increase in gel stiffness was long-lasting in culture
conditions. Finally, TNCP-functionalized gelatin was used to create a shear-thinning,
extrudable hydrogel. As in PEG-peptide hydrogels, the installation of pendant TNCP
groups in covalently crosslinked gelatin networks increased the bulk shear storage
modulus of the gel. Additionally, supramolecular gelatin gels were formed via
installation of TNCP along norbornene-functionalized gelatin molecules. These
supramolecular gel-TNCP hydrogels exhibited fitness for extrusion, demonstrating both
shear thinning and rapid recovery of gel stiffness after shear. In short, this work presents
the use of the bio-orthogonal IEDDA tetrazine reaction to synthesize supramolecular
interacting domains in situ in hydrogel biomaterials. Future studies will serve to expand

the remarkably broad potential applicability of this chemistry.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Hydrogels are networks of hydrophilic polymers which have a high affinity for
water but do not dissolve in aqueous environments.' Because of their unique structure
and properties among polymeric materials, they have become a popular choice for a
variety of medical and biological applications, including drug delivery,? cell culture,’
and regenerative medicine.* > These hydrogel biomaterials can be broadly classified
according to their composition: either made from natural polymers, such as protein-
derived gelatin or polysaccharide hyaluronic acid (HA), or synthetic polymers like
poly(vinyl alcohol) (PVA) or poly(ethylene glycol) (PEG). Furthermore, a broad variety
of strategies for chemical modification of these polymers have been developed to add
desired structural and functional features and facilitate the assembly of hydrogel
networks.

The assembly of this network via crosslinking of the polymer is fundamental to a
hydrogel’s properties. The junctions or ‘tie points’ at the sites of crosslinking connect
polymer chains and prevent their dissolution, giving the hydrogel form.® The resultant
structure has three main characteristics which determine the bulk properties of the gel:
the mesh size, the polymer volume fraction, and the molecular weight between
crosslinks." ® By changing these structural characteristics, one can tune the mechanical
and diffusive properties of the gel. Most frequently, these changes are made by tuning

the crosslinking density of the gel, the relative frequency of crosslinking junctions in a



given volume, by tuning the molecular weight, functionality, and concentration of the
constituent polymers.

A plethora of methods for hydrogel crosslinking have been explored. Broadly,
they are divisible into two categories: chemical crosslinking via covalent bonds, and
physical crosslinking through non-covalent interactions such as ionic bonds, hydrogen
bonds, electrostatic interactions, pi-pi interactions, van der Waals forces, or any
combination of these. The choice of method for crosslinking can have a significant
impact on the properties and potential applications of the resultant gel. In the following
sections, crosslinking mechanisms for hydrogel biomaterials and their application will be
reviewed.

I.1  Chemical Crosslinking
L1.1  Chain Growth Reactions

Chain growth polymerization, also known as addition polymerization, begins
with the generation of an active center by an initiator.” Next, the reaction propagates at
the active site through the sequential addition of monomers to the growing polymer
chain before the reaction is finally terminated via neutralization of the active site.” Chain
growth crosslinking reactions were some of the earliest chemical crosslinking
mechanisms applied in synthetic hydrogel biomaterials to achieve user control of the
material’s properties. For example, in an early example of hydrogel cell culture
substrates, Hubbell and colleagues utilized free radical vinyl polymerization to crosslink
hydrogel biomaterials made from PEG-diacrylate (PEGDA) and incorporate acryloyl-

functionalized moieties to impart biological functions, including alpha-hydroxy acid to
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enable biodegradability® and cell adhesive peptides to enable cellular adhesion to the
surface of the gels.” Additionally, West and colleagues demonstrated the incorporation
of two acryloyl-functionalized peptides, one for cell adhesion as well as one for cell-
mediated enzymatic gel degradation. They successfully utilized this platform to culture
dermal fibroblasts as well as smooth muscle cells.'”

Radical-mediated vinyl polymerization is a popular choice because it can easily
be controlled via the incorporation of photo- or thermal-initiators. It has been applied in
hydrogels made from both synthetic polymers, including PEG, poly(2-hydroxyethyl
methacrylate) (PHEMA),!! PVA and poly(acrylamide) (PAAm).!? Additionally, chain
growth free radical vinyl polymerization has been utilized in natural polymers as well to
control mechanical properties. Most notably, Alsberg and colleagues demonstrated the
use of free radical vinyl polymerization to crosslink hydrogels made from methacryloyl-
functionalized alginate,'* and soon after Khademhosseini and colleagues demonstrated a
similar approach using methacryloyl-functionalized gelatin.'* Gelatin-methacryloyl has

15,16

proven especially popular and has since been applied in 3D bioprinting, regenerative

medicine,!” and tissue-engineered models of disease.!®2°
1.1.2  Step Growth Reactions

Step growth polymerizations, in contrast to chain growth polymerization
reactions, occur between multifunctional monomers where each functional group can
serve as a site of reactivity.’ Essentially, while chain growth polymerization is centered

around active centers, step growth polymerization reactions can occur in parallel at any

available (i.e., unreacted) functional group in the system. This allows step growth



crosslinking reactions to achieve critical conversion and gelation much more quickly
than chain growth crosslinking reactions with greater homogeneity of the network.?!> 22
While free radical vinyl polymerization is the most common chain-growth crosslinking
reaction in hydrogel biomaterials, there are several popular step growth crosslinking
reactions, many of which fit the ‘click’ chemistry paradigm.

In their seminal review, Sharpless et al. established the definitive criteria for
click chemistry reactions. Click reactions are modular, highly selective, wide in scope,
high-yielding, stereospecific, require mild reaction conditions (e.g. use no solvent or use
a benign solvent such as water, insensitive to oxygen, proceed at mild temperatures and
pH), and produce inoffensive, if any, by-products which can easily be removed from the
product.?® These features make click reactions highly amenable to use in biochemical
and biological systems, which has led to their use in a wide variety of biomedical

2526 proteomics research,?’ and

applications, including bioconjugation,?* drug discovery,
the assembly and modification of hydrogel biomaterials.* ?® The click chemistry toolkit
for step-growth hydrogel crosslinking includes the thiol-alkene Michael addition®*° and
radical-mediated thiol-ene reactions,’! copper-catalyzed azide-alkyne chemistry,> 33
strain-promoted azide-alkyne cycloadditions,** and the inverse electron-demand Diels
Alder (IEDDA) reaction,*® among others.
1.1.3  Dynamic Covalent Crosslinking

Generally, covalent crosslinking reactions are irreversible, though recently there

has been increasing interest in and exploration of dynamic, reversible covalent

crosslinking in hydrogel biomaterials.*® 37 Specifically, step growth crosslinking via

4



dynamic covalent bonds has been leveraged to engineer hydrogels with unique
properties, including pH-responsive gelation® as well as time-dependent viscoelastic
behavior such as stress relaxation.?® These reactions, which include oxime ligation,*’
hydrazone ligation,* and the Diels-Alder reaction between furans and maleimides,*! can
also be considered click reactions. Because of their dynamic reversibility which enables
them to break and re-form, dynamic covalent crosslinks can provide the gel self-healing
and shear-thinning characteristics*? which are desirable for tissue engineering.
1.2  Physical Crosslinking
12.1 Ionic Crosslinking

Ionic crosslinking includes the complexation of charged polymers with either
counter ions (ionotropic crosslinking) or other charged polymers (polyelectrolyte
complexation). The crosslinking of the naturally-derived polysaccharide alginate via
complexation with divalent calcium cations is a classic example of ionotropic
crosslinking. Tuning the concentration of Ca®" enables control of the mechanical
properties and stability of the gel.** Another polymer which undergoes ionotropic
crosslinking is k-carrageenan, which gels in the presence of monovalent potassium
cations in aqueous conditions.** The stability of ionotropically-crosslinked gels can be
low as the counter ions can diffuse out of the material over time in a hypotonic
environment. To address this concern, both alginate and k-carrageenan have been
functionalized with methacryloyl groups to enable secondary covalent stabilization of

the networks via radical polymerization.*4®



Polyelectrolyte complexation has also been used to address concerns of gel
stability, as complexed ionic polymers diffuse more slowly than small counter ions. This
approach can utilize charged natural or synthetic polymers. For instance, Chiellini et al.
incorporated the cationic natural polysaccharide chitosan with the anionic natural
polypeptide poly(y-glutamic acid) to create a hydrogel they then used to fabricate a
microstructured electrospun scaffold for 3D cell culture.*’ In contrast, Gong et al.
utilized two synthetic polymers, anionic poly(sodium 4-styrenesulfonate) and cationic
poly(diallyl dimethylammonium chloride), to form hydrogels which could be induced to

1.*8 Han and colleagues

phase separate via de-salting and form micropores in the bulk ge
even added a radical-polymerized PAAm network to a chitosan/alginate polyelectrolyte
complex to form mechanically tough and microporous gels. The gels including both the
polyelectrolyte complex and the PAAm network exhibited increased mineralization for
bone tissue engineering, which was attributed to increased apatite deposition around the
anionic residues of sodium alginate.*’
1.2.2 Domain-Specific Supramolecular Interactions
1.2.2.1 Supramolecular stacking assembly and low molecular weight
hydrogelators

Physical crosslinking can also occur via supramolecular crosslinking, non-
covalent interactions between specific molecular motifs. These domain-specific
intermolecular interactions are inherently modular and can often be broadly applicable in

gels of varying polymer compositions. Some small molecules and oligomers which

undergo supramolecular assembly are known as low molecular weight hydrogelators



(LMWH). LMWH gelation is dependent on multiscale self-assembly; individual
molecules ‘stack,” often through a combination of hydrogen bonding, pi-pi interactions,
and electrostatic interactions, to create nanofibrils which become entangled and form
gels via physical interactions. For instance, oligopeptides functionalized with
fluorenylmethoxycarbonyl (Fmoc) were some of the earliest LMWH used for hydrogel
assembly.>® Fmoc-functionalized dipeptides,* tripeptides,’' and small oligopeptides>
have all demonstrated the capacity for gelation at their critical concentration. These
Fmoc-peptide gels exhibit injectability as well as in vitro and in vivo biocompatibility in
certain applications.’!: > Alternatively, to reduce concerns of potential Fmoc toxicity,
tripeptides end-functionalized with a nucleobase have also demonstrated supramolecular
assembly and gelation.’®> However, the stability of gels made from these modified
peptide LMWH can be low in the presence of cells and tissues due to the molecules’
susceptibility to proteolysis. Instead of these naturally-occurring amino acids, non-
proteinogenic amino acids have demonstrated use in the design of LMWH, including
2,3-diaminopropionic acid** and the dehydropeptide dehydrophenylalanine.>> > A few
functionalized biomolecules have presented alternatives to peptide-based LMWH,
including a polynucleotide guanosine quartet modified with sodium borate®” and
coumarin-tris amphiphiles.*
1.2.2.2 Multivalent hydrogen bonding via ureidopyrimidinone

While individual hydrogen bonds are relatively weak, in large numbers they can
form relatively strong and stable physical interactions. Ureidopyrimidinone (UPy) is a

chemical group which forms supramolecular dimer complexes via four hydrogen bonds,



yielding reasonably stable yet reversible bonds so long as it is shielded by nearby
hydrophobic domains. UPy was used to create LMWHs via functionalization of low
molecular weight oligocaprolactones as well as oligopeptides in 2005.%° These LMWH
self-assembled into hydrogels in a similar manner to supramolecular stacking assembly.
Since then, several polymers have been modified with pendant UPy groups to facilitate
supramolecular gelation via hydrogen bonds, including poly(L-glutamic acid),*
polycaprolactone,®’ and PHEMA,%* % as well as alginate and gelatin.®* A PEG-UPy
block-co-polymer was also synthesized which incorporated UPy groups into the polymer
backbone and could be used to form hydrogels.%® Notably, the UPy domain required an
attached short alkane in the chain in order to have sufficient hydrophobic shielding to
achieve hydrogen bonding.
1.2.2.3 Molecular recognition motifs

Supramolecular crosslinking can also be achieved by borrowing domain-specific
interactions from biomolecules in nature. Proteins and nucleic acids often form complex
secondary and tertiary structures via physical interactions, and motifs which participate
in this self-assembly have been applied for crosslinking hydrogel biomaterials. One
notable example is the mixing-induced two component hydrogel system designed by the
Heilshorn group which exploits the interactions between conserved tryptophan-
containing WW domains and proline-rich regions to form engineered protein
hydrogels.®® These hydrogels exhibit tunable viscoelastic properties.®” However, the
protein engineering techniques which their synthesis requires are uncommon to most

biomaterials labs.



Alternatively, the self-assembly of complementary nucleic acids such as DNA
can be used to crosslink hydrogels. For instance, Kopecek and colleagues grafted
peptide-nucleic acids (PNA) to PHEMA polymer chains and induced gelation by adding
DNA with a complementary sequence to complex with the PNA.*® The DNA/PNA
sequences could be modified to obtain either double- or triple-helical crosslinking
assemblies, with the triple-helical crosslinked hydrogels exhibiting greater mechanical
stiffness and stability.5®
1.2.2.4 Host-guest interactions and polymer inclusion complexation

Host-guest interactions, also referred to as polymer inclusion complexation, rely
on the assembly of two specific chemical domains: the “host”, which features a three-
dimensional structure with a central cavity, and the “guest”, which fits into the interior
of the cavity of the “host”.%’ Unique among supramolecular interactions, host-guest
interactions not only depend on non-covalent bonds but also on the dimensions of both
the host and the guest motifs. The modularity and potential for specificity of these
supramolecular domains have made host-guest interactions attractive for use in hydrogel
assembly as well as in drug delivery applications.

The two major host motifs which have been used in hydrogel crosslinking are
cyclodextrins and cucurbit[8]uril. Cyclodextrins, a class of macrocyclic
oligosaccharides, include both a- and B-cyclodextrin and interact mainly with aromatic
residues as guests, although PEG is also known to form inclusion complexes with a-
cyclodextrin. Host-guest interactions between PEG and a-cyclodextrin have been used to

form hydrogels from high-molecular weight linear PEG molecules,”® low-molecular



weight (10 kDa) multi-arm PEG macromers,’! PEG-grafted chitosan,’? PEG-grafted
dextran,” and pluronics (triblock co-polymers of poly(ethylene glycol)-co-
poly(propylene glycol)-co-poly(ethylene glycol)).”* More recently, B-cyclodextrin
polymers assembled via radical polymerization of acrylated monomers have been
utilized to form hydrogels with gelatin,”® acrylamide,’® and adamantane-functionalized
pluronic.”” Alternatively, cucurbit[8]uril host-guest complexation, with napthyl and
viologen serving as guests, has been utilized in gels made from PAAm’® and cellulose
with PVA.” The dynamic nature of these interactions has been utilized to create gels
with tunable viscoelasticity and dynamic properties. For instance, Song et al.
incorporated varying amounts of an adamantane-PEG-peptide conjugate into a 3-
cyclodextrin-functionalized poly(organophosphazene) gel to change the concentration of
cell adhesion peptides and modulate the lineage specification of mesenchymal stem
cells.’’ Zhang et al. also leveraged p-cyclodextrin host-guest interactions when creating
gels for 3D cell culture with tunable storage and loss moduli using pB-cyclodextrin-
functionalized poly(methyl vinyl ether-a/t-maleic acid) and poly(acrylamide-co-N-
adamantyl acrylamide) combined in varying ratios.®!
1.3 Biomaterial Applications of Hydrogels
1.3.1  Cell Culture Platforms

One of the most important applications of hydrogel biomaterials is as matrices
for cell culture. The mechanically soft and highly hydrated environment of a hydrogel is
inherently similar to the extracellular matrix (ECM), the noncellular component of tissue

which consists of biopolymers such as proteins and glycosaminoglycans. Hydrogels can
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be further engineered to recapitulate the ECM through the selective incorporation of
bioactive peptides into the polymer network. Click reactions such as Michael-type
addition,? radical-mediated thiol-ene,®” strain-promoted azide-alkyne cycloaddition,**
and tetrazine-norbornene IEDDA? chemistry have enabled cell-adhesive and
enzymatically-degradable peptide motifs at user-specified concentrations in PEG
hydrogels. Modular physical crosslinking, such as supramolecular UPy assembly>® and

0 can also be utilized for the selective

B-cyclodextrin host-guest interactions,®
incorporation of bioactive signaling molecules and cell-adhesive peptides. Tuning the
polymer composition of the hydrogel and using naturally-derived biopolymers is another
means of mimicking the ECM. This can be achieved by grafting click functional groups
such as norbornene on natural polymers such as gelatin® or hyaluronic acid.®
Furthermore, stimuli-controlled reactions, such as photomediated chain growth and click
reactions, have been used to spatially pattern biochemical cues in 2D and 3D. This can
introduce biomimetic heterogeneity in the cell culture microenvironment. For example,
West et al. used two-photon laser scanning-controlled photomediated radical
polymerization to achieve three-dimensional micropatterning of cell-adhesive peptides
in PEG-based hydrogels.® Additionally, photocleavable o-nitrobenzyl ester groups
incorporated into click-crosslinked networks can enable photomediated release of
bioactive molecules®® or ablation of the gel network.®’

Another feature that makes hydrogels a useful tool for cell culture platforms is

their mechanical tunability. Tuning the mechanical properties of chemically crosslinked

hydrogels by modulating crosslinking density has been leveraged to uncover the
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profound effects cell culture substrate stiffness can have on cell morphology and
phenotype.3*° Furthermore, dynamic covalent and physical crosslinking methods have
been exploited to tune gel viscoelastic properties, including stress relaxation and creep.
Notably, human mesenchymal stem cells encapsulated in gels with fast stress relaxation
times have been found to exhibit higher spreading and increased osteogenic
differentiation than those in gels with slow relaxation times.”' Human umbilical vascular
endothelial cells have also been observed to exhibit higher spreading, branching, and
integrin clustering in dynamic covalent-crosslinked gels with faster relaxing times as
opposed to irreversibly covalently crosslinked gels.*?

In addition, temporal control of gel crosslinking can be used to create
mechanically dynamic cell culture platforms. Sequential or secondary covalent
crosslinking has been used for dynamic stiffening of hydrogels by controllably

increasing the crosslinking density of the network. Methods based on sequential

93,94 95,96

polymerization using Michael addition, radical-mediated acrylate chemistry,

97,98

and radical-mediated thiol-ene click chemistry as well as secondary crosslinking

using inverse electron-demand Diels Alder (IEDDA) tetrazine click chemsitry®® and

100-102 ¢ flavin mononucleotide!® have been

tyrosine ligation using mushroom tyrosinase
reported. However, an increase in covalent crosslinking density can limit cell motility
and spreading, and such methods can have the added effect of locking cells in their

starting shape®” which may influence their phenotype.'®!1%7 As an alternative, dynamic

reversible crosslinking using physical crosslinking methods such as ionotropic alginate

crosslinking!® and supramolecular methods such as oligonucleotide complexation'® and
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beta-cyclodextrin host-guest interactions'!® have also been used to cyclically stiffen and
soften hydrogel networks. The controllable modulation of substrate stiffness has the
potential to create in vitro models of pathologies and healthy physiological processes

111-114

which exhibit increases in tissue stiffness, including fibrotic diseases, cancer,' >

t,!1¢118 and the regulation of cell division.'"’

embryonic developmen
13.2  Tissue Repair and Bioprinting

Extrudable and injectable hydrogels are of high interest as carriers for cell-based
therapeutics, as well as more conventional chemotherapeutic drugs. Importantly, the
clinical use of injectable cell therapies has been limited by low cell viability and
retention post-delivery. However, injectable hydrogels can serve to protect cells from
shear-induced damage during extrusion.'?® Extrudable hydrogels also can serve as bio-
inks for extrusion-based 3D bioprinting of complex constructs for tissue engineering and
regenerative medicine.'?!: 122 In either application, the requirements for an extrudable or
injectable hydrogel are the same: the material must flow under shear and then exhibit
robust and stable mechanical properties after deposition or installation. These
requirements are typically achieved via one of two approaches: in situ crosslinking or the
use of shear-thinning materials.

In situ hydrogel crosslinking allows injection of the low viscosity sol before the
formation of the elastic gel at the site of deposition. Many in sifu crosslinking methods
use stimuli-controlled covalent crosslinking, such as UV-photocontrolled reactions like

radical-mediated thiol-ene chemistry!?® or free radical vinyl polymerization of gelatin-

methacrylate.!?* However, stimulus-controlled physical crosslinking can also be used for
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in situ gelation. Block-co-polymer systems can be tuned to create gels which exhibit a

126-128 responsive phase transitions. While in situ crosslinking

pH-'% or temperature-
methods have the potential to rapidly achieve the desired robust mechanical properties at
the delivery site, a slow-reacting gel may be deformed or the sol washed away before the
polymerization reaction is complete. Furthermore, stimulus-controlled polymerization
can be limited by the site of injection. For photomediated polymerization methods,
opaque tissues can limit application. Temperature- and pH-mediated methods can exhibit
variability from site-to-site, as these factors can vary between environments and
organisms.

In contrast, shear-thinning hydrogels leverage dynamic bonds which can break
and re-form to initiate flow under shear stress and recover their initial mechanical
properties after the shear is removed (i.e., self-heal). The earliest injectable hydrogels
relied on physical interactions between block co-polymers, such as pluronic,!?- 13
though these materials exhibited poor long-term stability and easily dissolved at the site
of installation. Supramolecular crosslinking mechanisms such as host-guest interactions,
multivalent hydrogen bonding domains, and molecular recognition motifs have been
leveraged to create more stable shear-thinning injectable hydrogels. Additionally, shear-
thinning hydrogels can be stabilized at the site of installation via secondary covalent

131,132

Michael addition reaction or pH-responsive dynamic covalent crosslinking via

134 135

Schiff base linkages,'** boronic ester bonds,'** oxaborole-diol bonds,'*> or hydrazone

bonds. 3¢
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1.4 Significance and Approach

The overarching objective of this work was to improve the understanding of how
the choice of crosslinking chemistry influences hydrogel properties and how these
influences can be leveraged to engineer novel materials. Specifically, we addressed the
hypothesis that supramolecular secondary interactions between the products of the
tetrazine-norbornene IEDDA click reaction facilitated physical crosslinking and were
responsible for differences in bulk hydrogel properties. Previously, step growth click
crosslinking reactions with high efficiency, such as tetrazine-norbornene and radical-
mediated thiol-ene click chemistry, were assumed to be interchangeable; hydrogels made
from the same polymer with identical molecular weights, functionalities, and
concentrations were expected to have nearly identical properties. However, a review of
the published literature challenges this assumption. Fairbanks et al. synthesized
hydrogels from 20 kDa, 4-arm end-functionalized PEG-norbornene crosslinked with a
bis-cysteine enzymatically labile peptide and reported shear storage moduli ranging from
300 + 20 to 1700 = 360 Pa for 3—10 wt.% PEG macromer gels.’! In contrast, Alge et al.
synthesized gels from 20 kDa 4-arm end-functionalized PEG-tetrazine with a di-
norbornene-functionalized enzymatically labile peptide crosslinker of a similar size and
composition and achieved a 38% higher storage modulus (2345 + 312 Pa) in gels made
with 10 wt.% PEG, despite the relatively low (75%) degree of functionalization of the 4-
arm PEG-tetrazine.® It was unlikely that these differences were attributable to

differences in crosslinking efficiency given the exceptionally high efficiency of the
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radical-mediated thiol-ene reaction,’! particularly when compared with prior methods
such as Michael addition crosslinking.'’

The first aim of this work was to challenge the assumption that gels made from
polymer chains with identical compositions and molecular weights, identical
functionalities and identical concentrations will exhibit nearly identical properties,
regardless of the crosslinking chemistry. This aim was achieved through a head-to-head
comparison of PEG hydrogels chemically crosslinked via tetrazine-norbornene IEDDA
and radical-mediated thiol-ene click chemistry, and the results showed radically different
hydrogel properties (Chapter II). Subsequently, we aimed to address the gap in
knowledge as to why there were such significant and unexpected differences in the
properties of PEG-based gels synthesized with tetrazine-norbornene click chemistry.

It was hypothesized that secondary interactions between the tetrazine-norbornene
click products (TNCP) may be responsible for these differences in gel properties. An
investigation comparing tetrazine click-crosslinked and thiol-ene click-crosslinked PEG
hydrogels confirmed the discovery of secondary, supramolecular interactions between
TNCP which were alone sufficient to facilitate gelation in a multi-arm PEG system
(Chapter II).

Following the discovery of supramolecular interactions between TNCP,
Subsequently, applications of these supramolecular interactions were explored in a 3D
cell culture platform (Chapter III) as well as in extrudable shear-thinning hydrogels
(Chapter IV). First, monofunctional PEG-tetrazine was diffused into pre-existing,

partially covalently crosslinked multi-arm PEG networks with free norbornene groups to
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install pendant TNCP. As the tetrazine click reaction proceeded, pendant TNCP formed
supramolecular crosslinks within the network, stiffening the bulk gel. This approach
yielded an approximately 2 kPa increase in shear storage modulus in enzymatically-
degradable PEG-peptide scaffolds over the course of 4-6 hours. Additionally, this
approach demonstrated long-term retention of the elevated gel stiffness in culture
conditions and no effect on the viability of encapsulated cells.

Finally, gelatin functionalized with pendant TNCP was utilized to create a shear-
thinning and self-healing extrudable hydrogel. An increase in gel modulus due to TNCP
supramolecular interactions in gelatin-based gels was first verified, confirming that
TNCP supramolecular interactions had similar effects in gelatin hydrogels as seen in
PEG hydrogels. Gelatin-norbornene was then functionalized with pendant TNCP, which
induced gelation. These gel TNCP gels exhibited shear-thinning as well as recovery of
their initial high viscosity after shear. Additionally, thiol-functionalized 4-arm PEG and
a photoinitiator could be added to the supramolecular gel to facilitate photomediated
secondary covalent crosslinking after extrusion. In short, TNCP supramolecular
crosslinking is an exciting new addition to the toolkit of bio-orthogonal hydrogel
crosslinking methods with broad potential applicability in both synthetic and natural

polymers.
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CHAPTER II
HYDROGEL SYNTHESIS AND STABILIZATION VIA TETRAZINE CLICK-

INDUCED SECONDARY INTERACTIONS!

II.1  Introduction

Chemical reactions fitting the click chemistry paradigm have become an
indispensable tool for the synthesis and functionalization of hydrogel biomaterials.
Specifically, IEDDA click reactions between s-tetrazines and electron rich dienophiles
like norbornene and trans-cyclooctene are attractive because of their bio-orthogonality.
Importantly, tetrazine click reactions proceed readily under physiologic temperatures
and pH in aqueous solvent without the need for an initiator or catalyst, do not react with
surrounding biological molecules, and produce only gaseous nitrogen as a by-product.
Since the demonstration of IEDDA tetrazine click reactions’ utility for
bioconjugation,'*® they have been applied in myriad applications including polymer

139, 140

functionalization, micelle functionalization,'*! synthesis of radiolabeled probes for

PET imaging,'** ' fluorogenic labeling in vitro and in vivo,'** 14°

polymeric
nanoparticle synthesis,'*¢ and polymer-nucleic acid conjugation.'¥’

Due to its bio-orthogonality, tetrazine click chemistry has attracted significant

interest in recent years for the synthesis of hydrogels for 3D cell culture and tissue

! Data in this chapter is reprinted with permission from “Hydrogel Synthesis and Stabilization via
Tetrazine Click-Induced Secondary Interactions” by Samantha E. Holt, Amanda Rakoski, Faraz Jivan,
Lisa M. Pérez, and Daniel L. Alge, 2020. Macromolecular Rapid Communications, 41(14), 2000287.
Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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engineering. To date, studies have reported cell encapsulation in PEG,?® alginate,'** 14°

150 ysing the tetrazine-norbornene click reaction. Additionally, the

and gelatin hydrogels
bio-orthogonality of tetrazine click reactions makes them valuable tools for the delivery
of sensitive protein drugs. Tetrazine-norbornene click-crosslinked gelatin containing
laponite nanoparticles has been used as an injectable controlled release protein delivery
platform,'>! and tetrazine-norbornene click chemistry has also been used to conjugate
proteins to PEG microgels without compromising bioactivity.!>? Recent work has
introduced stimuli-responsiveness to trans-cyclooctene-tetrazine IEDDA reactions to
enable spatial and temporal control and create hydrogel microchannels and
microfibers.!>3157 Additionally, tetrazine-norbornene IEDDA and nucleophilic thiol-yne
click chemistry have been used together to form double network PEG hydrogels.'*®

In addition to the aforementioned work on IEDDA tetrazine click reactions, the
literature on hydrogel biomaterials contains a plethora of research using Michael-

159,160 radical-mediated thiol-ene reactions,’! strain-

addition thiol-ene reactions,
promoted azide-alkyne cycloadditions,'' and oxime click chemistry*’ to crosslink
hydrogels for 3D cell culture and tissue engineering. To date, the field has largely
operated under the assumption that so long as click reactions proceed with comparable
efficiency, they can be used interchangeably to produce hydrogels with comparable bulk
properties. The few direct comparisons between click crosslinking reactions that have
been performed to date support this assumption, as they have shown that differences in
bulk hydrogel properties can be attributed to differences in reaction efficiency and, thus,

network homogeneity. % 162
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However, no previous direct comparisons of tetrazine click chemistry to other
covalent click crosslinking strategies and their impact on hydrogel bulk properties exist
in the literature. Because the tetrazine click reaction does not require the presence of free
radicals, it may be more fitting for sensitive biological applications where radical-
mediated reactions, such as radical-mediated thiol-ene click chemistry, could contribute
to damage of surrounding proteins and other biomolecules. Potential differences in the
bio-orthogonality of tetrazine click crosslinking and radical-mediated thiol-ene click
crosslinking specifically motivated a direct comparison between the bulk properties of
their resultant hydrogels.

Unexpectedly, the differences in mechanical properties and degradation between
hydrogels made with tetrazine click crosslinking and radical-mediated thiol-ene
crosslinking were found to be robust and significant. Herein, we report the discovery of
strong secondary interactions between the cycloaddition products of the tetrazine-
norbornene IEDDA click reaction in polymer hydrogels. This discovery was achieved by
exploiting the ability of norbornene to react with s-tetrazines via IEDDA mechanism and
with thiols via radical mediated thiol-norbornene (i.e., thiol-ene) click chemistry’! and
performing a head-to-head comparison of these reactions for PEG hydrogel synthesis.
Additionally, these supramolecular interactions were found to increase the stiffness and
resistance to hydrolytic degradation of covalently crosslinked hydrogels compared to
those crosslinked using radical-mediated thiol-ene click chemistry. Molecular dynamics
simulations supported the presence of supramolecular interactions between the tetrazine-

norbornene click products (TNCP) formed in the network. The presence of

20



supramolecular TNCP interactions was further confirmed by the non-covalent assembly
of 4-arm PEG end-functionalized with TNCP in the absence of covalent crosslinking.
The presence of TNCP supramolecular crosslinking has profound implications for the
future application of tetrazine click chemistry in engineered hydrogel materials.
II.2  Materials and Methods
11.2.1  General Procedures and Methods

Unless otherwise specified, all chemicals and reagents were used as received
from commercial sources. Lithium acylphosphinate (LAP) was synthesized according to
established protocols.!% 4-arm, 20 kDa PEG-tetra-thiol (PEG-4-SH) was purchased from
Laysan Bio, Inc. and used without further modification.
11.2.2  PEG-Norbornene Macromer Functionalization

4-arm 20 kDa PEG-hydroxyl (JenKem Technologies USA) and 2 kDa linear
PEG-hydroxyl (Laysan Bio, Inc.) were functionalized with norbornene acid as
previously described!*? with slight modification to yield PEG-tetra-norbornene (PEG-4-
NB) and PEG-di-norbornene (PEG-2-NB).
11.2.2.1 PEG-tetra-norbornene synthesis

Briefly, 10 g 4-arm 20kDa PEG-hydroxyl (0.5 mmol), 0.122 g 4-
(dimethylamino)pyridine (0.5X to PEG-OH, 1 mmol, Sigma-Aldrich), 0.81 mL pyridine
(5X to PEG-OH, 10 mmol Sigma-Aldrich), and 60 mL anhydrous dichloromethane
(Acros Organics) were dissolved in round-bottom flask under argon. Separately, 1.22
mL 5-Norbornene-2-carboxylic acid (10 COOH:1 PEG-OH, 10 mmol, Alfa Aesar), 0.77

mL diisopropylcarbodiimde (5 mmol, Alfa Aesar), and 30 mL anhydrous
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dichloromethane were mixed for 45 min at room temperature in a reaction vessel under
argon to generate a dinorbornene anhydride, which was filtered to remove precipitated
urea salts and then added to the round-bottom flask containing PEG. The solution was
allowed to react overnight at room temperature, after which it was precipitated on ice in
10-fold excess of diethyl ether (Fisher Chemical) chilled to 4°C and vacuum filtered to
yield a white precipitate of functionalized PEG. The product was then filtered twice and
dried under vacuum for 24 h, dialyzed against deionized water for 48 h (MWCO = 10
kDa), and lyophilized to obtain purified PEG-norbornene. Norbornene functionalization
was verified via proton NMR and analysis indicated 96% functionalization, Figure I1.1.
'"H NMR (400 MHz, CDCI3) § 6.22 — 6.07 (m, 1H), 5.94 (dd, J = 5.7, 2.8 Hz, 1H), 4.28

—4.11 (m, 2H), 3.64 (s, ~454H per arm).
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Figure I1.1 'H NMR spectra of 20 kDa PEG-tetra-norbornene in CDCI3. Analysis
indicated 96% end group functionalization. |H NMR (400 MHz, CDCI13) & 6.22 — 6.07
(m, 1H), 5.94 (dd, J =5.7, 2.8 Hz, 1H), 4.28 — 4.11 (m, 2H), 3.64 (s, ~454H per arm).
Reprinted from Holt et al.!**
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11.2.2.2 PEG-di-norbornene synthesis

2 kDa PEG-hydroxyl (Alfa Aesar) was functionalized with norbornene acid to
yield PEG-di-norbornene as described above with the following modifications. 5.0 g
2kDa PEG-hydroxyl (2.5 mmol, 5.0 mmol -OH) was used, along with 0.30 g 4-
(dimethylamino)pyridine (0.5X to -OH, 2.5 mmol, Sigma-Aldrich), 2.0 mL pyridine (5X
to -OH, 25 mmol Sigma-Aldrich), and 20 mL anhydrous dichloromethane (Acros
Organics). Additionally, 6.1 mL 5-Norbornene-2-carboxylic acid (10 COOH:1 PEG-OH,
50 mmol, Alfa Aesar), 3.9 mL diisopropylcarbodiimde (25 mmol, Alfa Aesar), and 15
mL anhydrous dichloromethane were used in the dinorbornene anhydride reaction. After
being precipitated, filtered, and dried, the product was dialyzed against deionized water
for 48 h (MWCO=1kDa) and lyophilized to obtain purified PEG-norbornene.
Norbornene functionalization was verified via proton NMR and analysis indicated 90%
functionalization, Figure IL.2. '"H NMR (400 MHz, CDCI3) § 6.21 — 6.08 (m, 3H), 5.94

(dd, J=5.7, 2.8 Hz, 1H), 4.30 — 4.09 (m, 4H), 3.64 (s, ~182H).
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Figure I1.2 'H NMR spectra of 2 kDa PEG-di-norbornene in CDCI3. Analysis indicated
90% end group functionalization. 1H NMR (400 MHz, CDCI3) 6 6.21 — 6.08 (m, 3H),
5.94 (dd, J=5.7, 2.8 Hz, 1H), 4.30 — 4.09 (m, 4H), 3.64 (s, ~182H). Reprinted from Holt
etal.!®

11.2.3  PEG-Tetrazine Macromer Functionalization
11.2.3.1 PEG-tetra-tetrazine synthesis

4-arm, 20 kDa PEG-amine (JenKem USA) was functionalized with tetrazine
carboxylic acid (Tz-COOH) to yield 4-arm PEG-tetrazine (PEG-4-Tz) as previously
described with slight modification.® First, 5-(4-(1,2,4,5-Tetrazin-3-yl)benzylamino)-5-
oxopentanoic acid (Tz-COOH) was synthesized by reacting 5-(4-(cyano)benzylamino)-
5-oxopentanoic acid with hydrazine, formamidine acetate, and zinc triflate catalyst, as
previously described.'® 1.0 g 4 arm, 20 kDa PEG-NH; (0.05 mmol, 0.20 mmol -NHy)
was added to a dry, argon purged vessel, dissolved in 10 mL of 1-Methyl-2-
Pyrrolidinone (NMP, Chem Impex) with 0.06 mL triethylamine (2X to -NHz, 0.40
mmol, Alfa Aesar), and allowed to mix for approximately 15 min. In a separate dry,
argon purged vessel 0.30 g of Tz-COOH (5X to -NHb», 1.0 mmol) was dissolved in 5 mL

NMP and activated with 0.38 g O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyl-uronium
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hexafluorophosphate (5X to -NH, 1.0 mmol, HBTU, Chem Impex) for 5 min. The
activated Tz-COOH was mixed with the PEG amine and allowed to react at room
temperature for 15 h. The reaction mixture was then precipitated in 40 mL cold diethyl
ether (4°C) and centrifuged to remove the salt byproducts, then dried under vacuum and
dialyzed against ultrapure water for 48 h and lyophilized. Tetrazine functionalization
was verified via proton NMR and indicated 80% functionalization, Figure IL.3. '"H NMR
(500 MHz, DMSO-d6) 6 10.57 (s, 1H), 8.48 — 8.40 (m, 3H), 7.84 (t,J= 5.7 Hz, 1H),
7.53 (d, J=8.1 Hz, 2H), 4.39 (d, /= 6.0 Hz, 3H), 3.50 (s, ~454H), 2.17 (t, J= 7.5 Hz,

2H), 2.09 (t, J = 7.5 Hz, 2H), 1.75 (p, J = 7.5 Hz, 2H).
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Figure I1.3 'H NMR spectra of 20 kDa PEG-tetra-tetrazine in DMSO-d6. Analysis
indicated 80% end group functionalization. "H NMR (500 MHz, DMSO-d6) § 10.57 (s,
1H), 8.48 — 8.40 (m, 3H), 7.84 (t, J=5.7 Hz, 1H), 7.53 (d, /= 8.1 Hz, 2H), 4.39 (d, J =
6.0 Hz, 3H), 3.50 (s, ~454H), 2.17 (t,J = 7.5 Hz, 2H), 2.09 (t, /= 7.5 Hz, 2H), 1.75 (p, J
= 7.5 Hz, 2H). Reprinted from Holt et al.!¢*
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11.2.3.2 Methoxy-PEG-tetrazine synthesis

Linear 5 kDa methoxy-PEG-amine (mPEG-NH>, Laysan Bio) was functionalized
with Tz-COOH to yield methoxy-PEG-tetrazine (mPEG-Tz) as described above with the
following modifications. 1.03 g of 5 kDa mPEG-NH:> (0.20 mmol, 0.82 mmol -NH») was
added to a dry, argon purged vessel and dissolved in 3 mL NMP with 0.23 mL
triethylamine (2X to -NH»,1.63 mmol). 0.37 g Tz-COOH (1.5X to -NH>, 1.23 mmol)
was dissolved in NMP and activated with 0.47 g HBTU (1.5X to -NHz, 1.23 mmol) for 5
min. Tetrazine functionalization was verified via proton NMR and indicated 90%
functionalization, Figure I1.4. '"H NMR (400 MHz, DMSO) & 10.58 (s, 1H), 8.50 — 8.40
(m, 3H), 7.86 (t,J= 5.6 Hz, 1H), 7.57 — 7.50 (m, 2H), 4.39 (d, /= 6.0 Hz, 2H), 3.51 (s,

~454H), 2.14 (dt, J=31.1, 7.5 Hz, 4H), 1.82 — 1.70 (m, 2H).
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Figure I1.4 'H NMR spectra of 5 kDa methoxy-PEG-tetrazine in DMSO-d6. Analysis
indicated 90% end group functionalization. 'H NMR (400 MHz, DMSO) § 10.58 (s,
1H), 8.50 — 8.40 (m, 3H), 7.86 (t, J=5.6 Hz, 1H), 7.57 — 7.50 (m, 2H), 4.39 (d, /= 6.0
Hz, 2H), 3.51 (s, ~454H), 2.14 (dt, J=31.1, 7.5 Hz, 4H), 1.82 — 1.70 (m, 2H). Reprinted
with permission from Holt et al.'®*
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11.2.4  Synthesis and In Situ Gelation of Non-Covalently Crosslinked Hydrogels

A solution of PEG-4-NB at 10% w/w in deionized water was combined with
mPEG-Tz at a 1:1 ratio of norbornene to tetrazine. Gels were allowed to polymerize at
room temperature for 30 min, and then immediately dried under vacuum for 48 h. The
dry mass of the combined sol and gel fractions was recorded. Dried gels were then
swelled in double deionized water for 24 h on the orbital shaker at room temperature to
wash out the uncrosslinked sol fraction. The swelled gels were dried again for 24 h
under vacuum, and the dry mass of the remaining gel fraction was recorded. Sol fraction
was calculated as the ratio of the sol fraction dry mass to the combined dry mass of the
sol and gel fractions. Swelling ratio was also calculated. Gel samples were swelled to
equilibrium for 64 hours in deionized water and the swollen mass was recorded. Gels
were dried overnight at 60°C and dry mass was recorded. Swelling ratio, Q, was
calculated using Equation 1, where W; is the mass of the sample at equilibrium swelling
and Wy is the dry mass of the sample.

Equation 1

Gelation was monitored using time-sweep rheology for non-covalently
crosslinked gels. A solution of 10% w/w PEG-4-NB in deionized water with mPEG-Tz
added at a 1:1 tetrazine-ene ratio was pipetted between the lower Peltier plate and the 8
mm parallel plate of an Anton Parr Physica MCR 301 rheometer. G’ and G” were then
monitored as a function of time at a constant frequency of 1 rad s™ and constant strain of

1% over the course of 2 h at 21°C (room temperature).
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11.2.5  Characterization of Tetrazine-Norbornene Reaction Kinetics

The kinetics of the tetrazine-norbornene IEDDA reaction were tracked by
monitoring the characteristic absorbance of unreacted tetrazine at 520 nm.'®® A solution
of S5kDa mPEG-Tz at a concentration of 12 mM in phosphate buffered saline (PBS) was
combined in a 96-well plate with either 6 mM of PEG-2-NB (2 kDa), 6 mM of PEG-2-
NB that had been reacted with L-cysteine at a 1:1 thiol-ene ratio (not reported), or no
additional norbornene-containing macromer. Using an Infinite M 200 Pro plate reader
(Tecan), absorbance at 520 nm was measured over the course of 1 h with one reading per
minute. Absorbance over time was averaged over three samples.
11.2.6  Dynamic Light Scattering

Dynamic Light Scattering (DLS) was performed using a Malvern Zetasizer Nano
ZS. Samples were prepared at a concentration of 1 mg/mL in 0.2 pm syringe-filtered
PBS. Those samples were then filtered through a 0.2 pm syringe filter with a PVDF
membrane. Samples were added into 70 pL cuvettes which had been rinsed twice with
0.2 um syringe-filtered PBS. Measurements were performed in triplicate in sets of 11
acquisitions.
11.2.7  Covalently Crosslinked Hydrogel Preparation

Two types of gel samples were prepared for characterization: [IEDDA tetrazine-
norbornene polymerized gels, referred to as tetrazine gels, and radical-mediated thiol-
norbornene polymerized gels, referred to as thiol-ene gels.

Tetrazine gels were prepared by combining 7.5% w/w (3.54 mM) 20 kDa PEG-

4-Tz with 1 mM norbornene-functionalized peptide GRGDS (synthesized as previously

28



described®’) and 7.08 mM PEG-2-NB in PBS. The total ratio of tetrazine to norbornene
in the pre-gel solution was 1:1. Pre-gel solution was added to 8 mm diameter and 1 mm
thick silicone gaskets on top of glass slides treated with Sigmacote (Sigma Aldrich).
Tetrazine gels were allowed to polymerize at room temperature for 30 min.

Thiol-ene gels were prepared by combining 7.5% w/w (3.73 mM) 20 kDa PEG-
4-SH with 2 mM photoinitiator LAP, 1 mM norbornene-functionalized peptide GRGDS,
and 7.45 mM PEG-2-NB in PBS. To prevent disulfide bond formation, PEG-4-SH was
kept at -20°C in small aliquots used within two freeze-thaw cycles, kept at room
temperature for less than 1 hr., and mixed thoroughly via vortex before use. The total
ratio of thiol to norbornene in the pre-gel solution was 1:1. Pre-gel solution was added to
8 mm diameter and 1 mm thick silicone gaskets on top of glass slides treated with
Sigmacote (Sigma Aldrich). Thiol-ene gels were then crosslinked via 365 nm UV light
for 5 min at 10 mW/cm?. For a 1 mm thick gel sample with a LAP concentration of 2
mM and light exposure for 5 min, light attenuation through the sample is expected to be
less than 10%. Post-polymerization, both tetrazine and thiol-ene gels were swelled in
excess PBS.

11.2.8  Gel Hydrolysis for NMR

Thiol-ene crosslinked gel samples were prepared as described above with the
slight modification of the use of an 8 mm diameter, 2 mm height round silicone mold to
create a sample with a pre-swollen volume of 105 pL. Gel samples were individually
incubated in 1 mL 0.1 N NaOH at 37°C for 1 h, then frozen at -80°C for 4 h. Frozen

samples were lyophilized overnight. The mass of lyophilized samples was measured and
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samples were dissolved in 800 uL. CDCl;s for 48 h to ensure complete solvation. After 48
h, 400 uL of CDCIl; was added to bring the sample volume back to 800 uL, and samples
were centrifuged at 21,380 RCF for 5 min to separate residual salts. '"H NMR was
analyzed using a Bruker Avance Neo 400 Hz console.
11.2.9  Characterization of Swelling Ratio and Gel Fraction

Swelling ratio was characterized for thiol-ene and tetrazine click-crosslinked
gels. Post- polymerization, gel samples were swelled to equilibrium overnight in PBS,
and the swollen mass was recorded. Gels were dried overnight at 60°C and dry mass was
recorded. Swelling ratio, Q, was calculated using Equation 1 as previously described.

Gel fraction was also characterized. Immediately post photopolymerization,
thiol-ene and tetrazine click gels were dried under vacuum for 24 h and the dry mass of
the combined sol and gel fractions was recorded. Dried gels were then swelled in double
deionized water for 24 h on the orbital shaker at room temperature to wash out the
uncrosslinked sol fraction. The swelled gels were dried again for 24 h under vacuum,
and the dry mass of the remaining gel fraction was recorded. Sol fraction was calculated
as the ratio of the sol fraction dry mass to the combined dry mass of the sol and gel
fractions.
11.2.10  Rheological Characterization

Gel samples were swelled overnight (~18 hours) to equilibrium. Storage modulus
(G’) was assessed by taking the average over the linear viscoelastic region of a strain
sweep from 0.01% to 20% strain at a frequency of 1 rad/s. Tests were performed on a

TA Discovery HR-2 rheometer with parallel-plate geometry (8§ mm diameter).

30



In-situ gelation experiments were performed using an Anton Paar Physica MCR
301 rheometer. For thiol-ene crosslinked gels, 40 puL of pre-gel solution prepared as
described previously was added to the stage and a time sweep was performed at 1%
strain and 1 rad/s at 37°C using an 8§ mm diameter parallel-plate geometry. After 1 min
the sample was exposed to 365 nm UV light at an intensity of 10 mW/cm? for 5 min, at
which point the time sweep was terminated. Tetrazine click-crosslinked samples were
prepared by adding 20 kDa PEG-4-Tz to the remaining components of the pre-gel
solution immediately before adding a 40 pL sample to the stage. Time sweeps were
performed at 1% strain and 1 rad/s at 37°C using an 8 mm diameter parallel-plate
geometry over the course of 30 min.
11.2.11  Degradation Studies

Degradability via base-catalyzed hydrolysis was assessed. Gel samples were
synthesized and swelled to equilibrium overnight. The starting mass of each sample was
then recorded, and then gels were submerged in 0.1 N sodium hydroxide and kept at
37°C. The remaining wet mass was recorded every 15 minutes for the first 2 h, then
every 2 h up to 8 h total, and then again at 24 h. After 24 h, remaining gel samples were
rinsed in PBS and subjected to rheological analysis.
11.2.12  Computational Details

Model systems for thiol-norbornene and tetrazine-norbornene were subjected to
solvent-explicit, all-atom molecular dynamics simulations using the GPU-accelerated
DESMOND!®’ software and the OPLS3 force field.!®® 1% A periodic TIP4P water

orthorhombic box with a 20A buffer was used for the solvation box. The NPT ensemble
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class with a temperature of 300 K and a pressure of 1.01325 bar was used. Each
molecular dynamic production run was carried out for 60.0 ns which included the
multisim relaxation procedure. The recording interval was set to 20.0 ps for the
trajectory and energy.

II.3  Results and Discussion

11.3.1  Comparison of Covalently Crosslinked Hydrogels

The dual reactivity of the cyclic alkene norbornene with either thiol groups via radical-
mediated thiol-ene click chemistry or s-tetrazines via IEDDA click chemistry enabled
the direct comparison of otherwise identical hydrogels made with either click
crosslinking reaction. The requirements for the two reactions vary; while the [IEDDA
tetrazine reaction proceeds spontaneously under physiologic conditions (aqueous
solution, pH 7.4, 37°C), the thiol-ene reaction requires the generation of free radicals

most often supplied via a photo- or thermal initiator.

32



a) Tetrazine click product

20 kDa PEG-tetra-thiol
20 kDa PEG-tetra-tetrazine 2 kDa PEG-di-norbornene
0 0
ety T
Thiol—ene

C|ICk product

b) c)

R
oo o oW R 151 — PEG-tetra-OH
oo — PEG-tetra-SH
~ of ™oy 9 — PEG-tetra-TZ
r/TO "R < 107
w
OH (control) 5 5.
R =

Hz2N
M ° AR
\\ 0.1 1 10 100 1000 10000
Size (d.nm)

/

Figure IL.5 (a) Dual reactivity of norbornene with either s-tetrazines or thiols to form a
PEG hydrogel network. (b) Structure diagrams of tetrafunctional PEG macromers
characterized via DLS. (¢) DLS characterization indicates similar size and aggregation
of PEG macromers functionalized with thiol or tetrazine.

To compare the impact, if any, of the choice of crosslinking chemistry on the
properties of the resultant hydrogels, PEG hydrogels were synthesized by reacting PEG-
2-NB (2 kDa) with either PEG-4-SH (20 kDa) for thiol-ene crosslinking or PEG-4-Tz
(20 kDa) for tetrazine-norbornene crosslinking, Figure II.5a. The molecular weights and
functionalities of the polymer macromers used in both gel formulations were chosen to
be identical, with the only difference being the end functional groups, Figure I1.5b.
Characterization of both tetrafunctional macromers via DLS showed that they exhibited

similar size and degree of aggregation, Figure I1.5¢. Additionally, both gel formulations
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used identical concentrations of all components, with the exception of the photoinitiator

used in the thiol-ene crosslinked gels.
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Figure I1.6 (2) Modulus evolution via in situ theology of thiol-ene crosslinked gels
indicates rapid gelation following UV exposure. (b) Modulus evolution of tetrazine
crosslinked hydrogels. (c) Tetrazine crosslinked hydrogels demonstrate a six-fold higher
shear storage modulus compared to thiol-ene crosslinked hydrogels at equilibrium
swelling. (d) Thiol-ene crosslinked hydrogels demonstrate a swelling ratio roughly
double that of tetrazine crosslinked gels.

Unexpectedly, the two gel formulations demonstrated marked differences in bulk
mechanical properties. First, as shown in Figure I1.6a and Figure I1.6b, rheological

characterization of modulus evolution during in situ polymerization showed a five-fold
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greater shear storage modulus of tetrazine-crosslinked gels compared to thiol-ene
crosslinked gels (7.3 = 1.3 kPa vs. 1.4 £ 0.1 kPa). Second, after swelling the gels to
equilibrium in PBS, the difference persisted, with a more than six-fold greater shear
storage modulus observed in the tetrazine-crosslinked gels compared to the thiol-ene
crosslinked gels (9.0+1.8 kPa vs. 1.440.1 kPa, p <0.0001), Figure I1.6¢c. Finally, the
swelling ratio of the tetrazine click crosslinked gels was about half that of the thiol-ene
crosslinked gels (18+0.7 vs. 38+1.2, p < 0.005), Figure I1.6d. Both the higher storage
modulus and the lower swelling ratio would be expected in the case of a gel with a
higher crosslinking density than the thiol-ene crosslinked gels. However, theoretically,
the crosslinking density in the tetrazine crosslinked and thiol-ene crosslinked gels should
have been the same.

Furthermore, tetrazine-crosslinked gels exhibited increased resistance to
hydrolytic degradation compared to thiol-ene crosslinked hydrogels. The PEG-2-NB
crosslinker used in both gel formulations contained a hydrolytically labile ester linkage
connecting the end norbornene functional groups and the length of PEG at the center. To
test accelerated hydrolytic degradation of both gel formulations, tetrazine and thiol-ene
click crosslinked gels were incubated in a 0.1 N sodium hydroxide solution (pH=13) at
37°C and the wet mass of the gels was recorded over 24 hours. While the thiol-ene
crosslinked gels dissolved completely within 15 min, the tetrazine-crosslinked gels
exhibited no significant mass loss over a period of 24 h, Figure I1.7a. Subsequent shear
storage modulus measurements shown in Figure I1.7b revealed a decrease from 9.0 +

1.8 kPa to 2.0 = 0.5 kPa in tetrazine crosslinked gels post-sodium hydroxide treatment.
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Remarkably, the storage modulus of these gels after hydrolysis was higher than the

initial storage modulus of the thiol-ene crosslinked gels (1.4+0.1 kPa).
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Figure I1.7 (a) Thiol-ene crosslinked and tetrazine-crosslinked hydrogels gels were
treated with 0.1 N NaOH for up to 24 h and mass loss over time was monitored. (b)
Storage (G') and loss (G") modulus of tetrazine-crosslinked gels after base catalyzed
hydrolysis via oscillatory rheology. Reprinted with permission from Holt et al.!**

The relatively higher shear storage modulus, lower swelling, and higher
resistance to degradation would suggest a substantially higher crosslinking density in the
tetrazine crosslinked hydrogels compared to the thiol-ene crosslinked hydrogels.
However, this is not supported by characterization and comparison of the crosslinking
efficiency of the two reactions. First, quantification of the gel fraction of both gel
formulations found no statistically significant difference between the thiol-ene

crosslinked and tetrazine crosslinked gels (95+2.8% and 96+0.5 %, respectively, p =
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0.43). Additionally, "H NMR of hydrolytically degraded thiol-ene crosslinked gels
showed complete conversion of the norbornene alkene, Figure I1.8. Norbornene
conversion in tetrazine crosslinked gels was not quantified via proton NMR because a
sample could not be obtained in solution, since they are not degradable via hydrolysis.
However, given the complete conversion of norbornene indicated in three independent
samples, the thiol-ene reaction efficiency must be close to 100%, consistent with the gel
fraction data. These results are also consistent with previous reports on the efficiency of
thiol-ene crosslinking.?!: 1% 170 Because the features of the tetrazine-crosslinked gels
appear to be consistent with an even higher crosslink density (i.e., over 100%), these
data suggest that these apparent differences in gel properties cannot be attributed to a
deficiency in the thiol-ene crosslinking reaction. Instead, the observed differences in gel
properties required an alternative explanation which then motivated investigation into

tetrazine-norbornene click-induced secondary interactions.
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Figure I1.8 'H NMR demonstration of thiol-ene crosslinking efficiency. Peaks

indicating the presence of unreacted norbornene from 65.93-5.95 and 6.09-6.20 are not

seen in hydrolyzed thiol-ene crosslinked hydrogels. Reprinted with permission from Holt

et al.'®

11.3.2  Molecular Dynamics Simulations Support Click Product Interactions

To investigate whether tetrazine-norbornene click-induced secondary interactions
were responsible for the differences in bulk hydrogel properties observed, molecular
dynamics simulations were performed. The results indicated a marked propensity for
secondary interactions between the tetrazine-norbornene cycloaddition products.
Simulations compared either two thiol-ene products or two tetrazine-norbornene
products tethered by a segment of PEG and capped with short segments of PEG, Figure

I1.9a-c. While both click products started the same distance apart in the simulations, the
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distance between the apical hydrogens of the bridged cyclohexanes became and stayed
small in the tetrazine-norbornene products, but varied greatly over time for the thiol-ene
products, Figure I1.9a. Thus, the thiol-ene products drifted together and then apart over

time randomly, as they only showed some association via hydrophobic interactions and

lacked the capacity for hydrogen bonding.
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Figure I1.9 (a) Distance in Angstroms over time between apical carbons (indicated with
arrows) of the (b) thiol-norbornene products and (c) tetrazine-norbornene products.

Yellow lines indicate hydrogen bonds and purple lines indicate pi-pi stacking. Reprinted
with permission from Holt et al.'®*
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Figure I1.10 Electrostatic potential map of tetrazine-norbornene click product. A surface
map of the electrostatic potential of the tetrazine-norbornene cycloaddition product and
its amide linkages to the PEG backbone show a relatively large, electrostatically neutral
region around the bridged cyclohexane. (a) The structure of the model tetrazine-
norbornene product, with the region reflected in the electrostatic potential maps
highlighted in red. (b) 3D surface map of the front and back of the region of interest.
Reprinted with permission from Holt et al.'®*

In contrast, the tetrazine-norbornene products showed interactions via hydrogen
bonding, parallel displaced and T-shaped pi-pi stacking, and hydrophobic interactions
between the relatively electrostatically neutral region around the bridged cyclohexane,
Figure I1.10a-b. Analysis of the interaction energy per atom of the click products
showed stronger interactions between the tetrazine-norbornene products than between
the thiol-ene products, with the van der Waals interactions dominant for the tetrazine-

norbornene products, Figure I1.11.
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Figure I1.11 Simulated averaged electrostatic and van der Waals interaction energies per
atom between tetrazine-norbornene click product and thiol-ene click product regions of

interest over time. A more negative value indicates a stronger interaction. Reprinted with

permission from Holt et al.'®

11.3.3  Demonstration of Supramolecular Gelation

Finally, based on our experimental and computational data, we hypothesized that
hydrogels could be formed solely via tetrazine click-induced secondary interactions. To
test this hypothesis, we reacted 20 kDa PEG-4-NB at a concentration of 10 wt.% with 5

kDa mPEG-Tz at a 1:1 ratio of tetrazine to norbornene, Figure II.12a. According to Flory-

171, 172

Stockmayer gelation theory, which is routinely used to predict functional group

conversion required for step-growth crosslinking of polymer networks,?® 3! 173: 174 5
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tetrafunctional component reacted with a monofunctional component would have an
infinite critical conversion. Thus, gelation due to covalent bonds between the tetrazine and
norbornene is not possible. Nevertheless, in situ oscillatory rheology showed the crossover
of the storage modulus (G’) and the loss modulus (G”) at approximately 425 seconds,
indicating gelation, Figure I1.12b. Moreover, the kinetics of G’ evolution over time
followed those of the tetrazine-norbornene reaction, indicating that formation of the
cycloaddition product was driving gelation. Computational simulations supported this
interpretation of the experimental data, as model tetrazine-norbornene products again
exhibited strong non-covalent interactions while in close proximity to each other, Figure
I1.12¢. Additionally, these gels exhibited a high gel fraction of 82+2% as well as a storage
modulus of around 8 kPa (n=3) as detailed in Table II.1. This modulus is much higher
than that of other non-covalently crosslinked, multi-arm PEG hydrogels. For example,
hydrogels assembled with “Dock-and-Lock™ peptide-peptide interactions exhibited a
storage modulus on the order of hundreds of Pascals at their stiffest.!”> Similarly, Mixing-
Induced Two-Component Hydrogels (MITCH) exhibited moduli on the order of tens of

Pascals, even with the use of 8-arm PEG instead of 4-arm PEG.!”°
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Figure I1.12 (a) A 10% solution of 20 kDa 4-arm norbornene-functionalized PEG with 5
kDa monofunctional PEG-tetrazine added in a 1:1 ratio of tetrazine to norbornene (b)
exhibits crossover of the storage (G’) and loss (G”) moduli via in situ oscillatory rheology,
indicating gelation, at 425 s at 21°C. (c) Molecular dynamics simulations comparing
interactions between unreacted tetrazine and tetrazine-norbornene cycloaddition products.
A more negative value of interaction energy indicates a stronger interaction. Initially, the
tetrazine-norbornene products are farther from each other than the tetrazines, and show
little to no interaction (left region in gray). Then, the tetrazine-norbornene products drift
together and remain so for the duration of the simulation. In contrast, the tetrazines drift
apart later in the simulation (right region in gray) and lose all secondary interactions, as
indicated in the interaction energy. Reprinted with permission from Holt et al.!®

Table II.1 Characterization of non-covalently crosslinked hydrogels. Storage modulus
G* is the final modulus post-crosslinking measured via in situ oscillatory rheology. (n=3)

Storage Modulus, G* [kPa] . . L
Pre-Swelling Swelling Ratio, Q Gel Fraction [%]
83+0.5 163 + 25 82+2.1
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II.4 Conclusions

In summary, we found that PEG hydrogels crosslinked via tetrazine-norbornene
IEDDA chemistry exhibit more robust mechanical properties and remarkable resistance
to base-catalyzed hydrolysis compared to thiol-ene click crosslinked gels due to stabilizing
secondary interactions that emerge from the tetrazine-norbornene cycloaddition product.
In addition, these secondary interactions alone are sufficient to assemble gels with storage
moduli on the order of several kPa. This serendipitous discovery, as well as the multiple
weak, non-covalent interactions between the tetrazine-norbornene products that drive their
enhancement of gel stability, is reminiscent of small molecule hydrogelators, which self-
assemble in water to form three-dimensional supramolecular networks.!”” Though click
chemistry has been used previously to synthesize small molecule hydrogelators,! 1% to
our knowledge, this is the first demonstration of a bridging between conventional gellant
systems, in which hydrogels are formed via covalent crosslinking of the polymer network,
and the non-covalent, supramolecular assembly of small organic molecules which
characterizes hydrogelators. Combining these two disparate mechanisms of gelation has

great potential for designing and leveraging covalent and non-covalent assemblies to attain

interesting new properties commonly seen in naturally-occurring biopolymers.
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CHAPTER III
SUPRAMOLECULAR CLICK PRODUCT INTERACTIONS INDUCE DYNAMIC

STIFFENING OF EXTRACELLULAR MATRIX-MIMETIC HYDROGELS?

III.1  Introduction

The dynamic nature of the extracellular matrix (ECM), the noncellular
component of tissue, plays a significant role in tissue morphogenesis, renewal, and
pathology progression. Tissue stiffening is a central feature of fibrotic diseases,

113 and

including idiopathic pulmonary fibrosis,!!! hepatic fibrosis,' !> myocardial fibrosis,
vascular disease.!!* Additionally, tissue stiffening has been implicated in malignant
transformation in solid tumors and cancer aggression.!''> Furthermore, in vitro studies
suggest that these differences in tissue stiffness contribute to differences in response to
treatment and clinical outcomes. For example, in vitro 3D culture models of
glioblastoma multiforme showed increased proliferation and EGFR-mediated
signaling'8! and increasing resistance to the chemotherapy drug temozolomide in
hydrogel substrates of increasing stiffness.'®* Despite the connections to pathology,
tissue stiffening is also observed in embryonic development, particularly in neural crest

116,117

cell migration and cardiac development,'!® and also plays a role in regulating cell

division.!"” However, much of the role and mechanistic effects of ECM stiffening

2 Data in this chapter is reprinted with permission from "Supramolecular click product interactions induce
dynamic stiffening of extracellular matrix-mimetic hydrogels" by Samantha E. Holt, Julio Arroyo, Emily
Poux, Austen Fricks, Isabelle Agurcia, Marissa Heintschel, Amanda Rakoski, and Daniel L. Alge, 2021.
Biomacromolecules, 22(7), 3040-3048. Copyright 2021 American Chemical Society.
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remain to be elucidated. Tissue engineering, which enables the replication of structural
and functional features of tissue in vitro, offers the potential for a controlled
environment in which to observe the effects of ECM stiffening on cell and tissue
physiology.

Hydrogels are a popular class of polymeric biomaterials for cell culture and
tissue engineering because of their tissue-like mechanical properties and high water
content. Additionally, a plethora of strategies have been explored to grant hydrogels
characteristics which mimic the structure and function of the ECM.?* 183 Click chemistry
in particular has proven useful in these endeavors as click reactions are high yielding,
specific, can proceed under mild conditions in aqueous environments, and produce
inoffensive, if any, by-products.'3* These features make click reactions especially
attractive for use in biological systems. The wide variety of reactions in the click
chemistry toolbox!33-187 have been used to create hydrogels with user-defined
mechanical properties, to covalently crosslink natural polymers to enhance their
mechanical properties, and to incorporate cell-adhesive peptide moieties into synthetic
polymer networks, all while allowing for the incorporation of cells in the material.
Furthermore, click chemistry-based strategies have been used to create hydrogels with
user-controlled or cell-mediated degradation.

Several approaches employing click chemistry to enable the dynamic stiffening
of hydrogels have been developed, which have recently been reviewed by LeValley and
Kloxin'®® and Arkenberg et al.!® However, these hydrogel platforms present limitations

when deployed in tissue engineering applications. The most common approach is using
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secondary or sequential crosslinking to increase the covalent crosslinking density over

time. These methods include sequential polymerization using Michael addition,” **

95, 96

radical-mediated acrylate chemistry, and radical-mediated thiol-ene click

97,98

chemistry as well as secondary crosslinking using inverse electron-demand Diels

Alder (IEDDA) tetrazine click chemsitry®” and tyrosine ligation using mushroom

100-102 5r flavin mononucleotide.!®® However, an increase in covalent

tyrosinase
crosslinking density can limit cell motility and spreading, and such methods can have the
added effect of locking cells in their starting shape’’ which may influence their
phenotype.!4-107

Other methods have controllably stiffened hydrogels by leveraging photo-'*° or
redox-'"'responsive conformational changes of protein functional domains incorporated
in the network to change the mesh size of the gel. However, these methods allow for
limited increases in the gel modulus on the order of 10-100 Pa. Alternatively, reversible
crosslinking using DNA binding,'” beta-cyclodextrin host-guest interactions,''°
calcium-mediated alginate crosslinking,'® and sortase transpeptidation'® have also been
used to cyclically stiffen and soften hydrogel networks. Each of these methods has
limitations to application in biological systems. First, DNA-mediated crosslinking would
have limited utility in tissues because of the prevalence of cell- and tissue-native
nucleases. Second, the modulus of hydrogels made with reversible crosslinking methods
is extremely sensitive to the concentration of the non-covalent crosslinking agents used.

These non-covalent crosslinking agents--such as calcium cations or adamantane, which

competitively associates with beta cyclodextrin--are not permanently bonded to the
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network and could diffuse out over time. Additionally, these methods may have a limited
achievable range of mechanical properties. For instance, Rosales et al. presented a
reversible method of stiffening hydrogels by leveraging supramolecular interactions
between cyclodextrins and azobenzene, which changes configuration and affinity for
cyclodextrins when exposed to different wavelengths of light.!** ** However, this
strategy reported a maximum increase in modulus of approximately 60%, while
sequential crosslinking methods have yielded increases of up to 50-fold.”” In a departure
from other approaches, Abdeen et al. used carbonyl iron microparticles to modify
polyacrylamide hydrogels to synthesize magnetoresponsive dynamic gels.'”> However,
the range of moduli available with this platform is limited by the magnets used to tune
the gel stiffness, and options that would allow for a highly tunable magnetic field are
prohibitively expensive and unavailable to many labs.

Considering the limitations of previous methods, there exists a need for a method
of dynamic hydrogel stiffening which is accessible, offers a wide range of achievable
stiffnesses, and does not rely on increasing covalent crosslinking density. In addition,
this method should ideally enable long-lasting stiffening of the matrix and allow for gel
degradation when necessary. Finally, to enable implementation in cell culture
environments, this method should be simple to use and easily adaptable to current cell
culture protocols.

To address these needs, we have developed a novel system for creating
dynamically stiffening hydrogels by leveraging previously discovered supramolecular

interactions between inverse electron-demand Diels Alder (IEDDA) tetrazine-
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norbornene click products (TNCP). First, by covalently crosslinking a PEG network via
radical-mediated thiol-ene click chemistry, we create a hydrogel which can be
customized with cell adhesive peptides as well as enzymatically degradable peptide
crosslinkers and also contains unreacted pendant norbornene groups. Then, by swelling
in a monofunctional PEG-tetrazine, we initiate the formation of pendant tetrazine-
norbornene click products (pTNCP) which are covalently attached to the network but do
not contribute to the covalent crosslinking of the network. As the IEDDA reaction
proceeds and the pTNCP form, they associate with each other noncovalently, stiffening
the network. This novel supramolecular-covalent hybrid network has broad potential
utility in a wide range of tissue engineering applications, and its simplicity enables facile
translation to existing hydrogel formulations and cell culture protocols.
III.2 Materials and Methods
1I1.2.1  General Materials

Materials obtained commercially were used without further modification unless
otherwise noted. Peptides KCGPQGIWGQCK (KCGPQ-W), KCGPQGIAGQCK
(KCGPQ-A), and CGRGDS were synthesized via standard Fmoc solid phase peptide
synthesis. Lithium acylphosphinate (LAP) was synthesized as previously described.'®?
111.2.2  8-Arm PEG-Norbornene Functionalization

8-arm 40kDa PEG-hydroxyl (PEG-OH; JenKem) was end functionalized with
norbornene carboxylic acid as previously described.!*? 10g PEG-OH (2 mM -OH
groups, 1 eq.) was dissolved in anhydrous dichloromethane (DCM; Acros Organics) in a

250 mL round bottom flask and 0.81 mL pyridine (0.5 eq.; Sigma Aldrich) was added. In
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a 100 mL reaction chamber, 1.55 mL N,N'-Diisopropylcarbodiimide (DIC, 5 eq.; Sigma
Aldrich) and 2.46 mL 5-norbornene-2-carboxylic acid (10 eq.; Alfa Aesar) were
combined in anhydrous DCM and reacted for 15 min to form norbornene anhydride. The
anhydride product was filtered through the frit into the PEG solution and allowed to
react overnight (~18 h). Norbornene-functionalized PEG (PEG-8-NB) was then
precipitated in cold (4°C) diethyl ether (Fisher Chemical), dried, and dialyzed against
ultrapure water. End functionalization of 86% was confirmed via 1H NMR, Figure
IIL1. 'H NMR (400 MHz, D,0) & 6.22 — 6.06 (m, 2H), 5.89 (dd, J= 5.7, 2.8 Hz, 1H),
4.24 —4.09 (m, 2H), 3.63 (s, 454H), 3.17 (s, 1H), 3.07 — 2.98 (m, 1H), 2.88 (s, 1H), 2.28
—2.21 (m, OH), 1.88 (ddd, J=12.3, 9.2, 3.7 Hz, 1H), 1.78 (dt, J=11.8, 4.1 Hz, OH),

1.41 - 1.18 (m, 3H).
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Figure ITI.1 '"H NMR characterization of 40kDa PEG-8-NB functionalization in D>O.
End group functionalization confirmed at 86%. 'H NMR (400 MHz, D20) § 6.22 — 6.06
(m, 2H), 5.89 (dd, J =5.7, 2.8 Hz, 1H), 4.24 — 4.09 (m, 2H), 3.63 (s, 454H), 3.17 (s, 1H),
3.07-2.98 (m, 1H), 2.88 (s, 1H), 2.28 —2.21 (m, OH), 1.88 (ddd, J = 12.3, 9.2, 3.7 Hz,
1H), 1.78 (dt, J=11.8, 4.1 Hz, OH), 1.41 — 1.18 (m, 3H). Reprinted with permission
from Holt et al.!*®
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1I1.2.3  mPEG-Tetrazine Functionalization

Linear 5 kDa methoxy-PEG-amine (mPEG-NH2; Laysan Bio) was
functionalized with tetrazine-carboxylic acid (Tz-COOH; BroadPharm) to yield
methoxy-PEG-tetrazine (mPEG-Tz) as previously described.'®* Briefly, 1.03 g of 5 kDa
mPEG-NH2 (0.82 mmol -NH2, 1 eq.) was dissolved in 3 mL 1-methyl-2-pyrrolidinone
(NMP; Chem Impex) with 0.23 mL triethylamine (TEA, 2 eq., Alfa Aesar) and allowed
to mix for approximately 15 min under argon blanket. In a separate argon-purged vessel,
0.37 g Tz-COOH (1.5 eq.) was dissolved in NMP and activated with 0.47 g HBTU (1.5
eq.; Chem Impex) for 5 min. The activated Tz-COOH was added to the mPEG-NH2
solution and allowed to react at room temperature for 15 h. The mPEG-Tz product was
then precipitated in cold (4°C) diethyl ether, centrifuged to remove salt by-products,
dialyzed against ultrapure water and lyophilized. Tetrazine functionalization of 90% was
confirmed using 1H NMR, Figure I11.2. 'H NMR (400 MHz, DMSO) § 10.58 (s, 1H),
8.50 — 8.40 (m, 3H), 7.86 (t, J=5.6 Hz, 1H), 7.57 — 7.50 (m, 2H), 4.39 (d, J= 6.0 Hz,

2H), 3.51 (s, ~454H), 2.14 (dt, J=31.1, 7.5 Hz, 4H), 1.82 — 1.70 (m, 2H).
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Figure I11.2 5kDa methoxy-PEG-tetrazine. 'H NMR indicated 90% end group
functionalization with tetrazine. '"H NMR (400 MHz, DMSO) § 10.58 (s, 1H), 8.50 —
8.40 (m, 3H), 7.86 (t, ] = 5.6 Hz, 1H), 7.57 — 7.50 (m, 2H), 4.39 (d, ] = 6.0 Hz, 2H), 3.51
(s, ~454H), 2.14 (dt, J = 31.1, 7.5 Hz, 4H), 1.82 — 1.70 (m, 2H). Reprinted with
permission from Holt et al.!*

111.2.4  Hydrogel Synthesis

40 kDa PEG-8-NB at a concentration of 7.5 wt.% in phosphate buffered saline
(PBS) was combined with a bis-cysteine MMP-degradable peptide crosslinker, either
KCGPQ-W or KCGPQ-A, at a 1:2 thiol-ene ratio (6.32 mM thiol: 12.64 mM
norbornene). To test the concentration-dependent effect of pTNCP on gel properties
while controlling for total PEG content in the gels, varying concentrations of methoxy-
PEG-thiol (mPEG-SH; Laysan Bio) were added to the pre-gel solutions as well, leaving
varying concentrations of available norbornene to react with mPEG-Tz. The varying
ratios of mPEG-Tz to mPEG-SH added to the gels are detailed in Table II1.1. 60 pL
pre-gel solution was added to 8 mm diameter, 1 mm thick round silicone molds and
polymerized using 365 nm UV light at 20 mWcm™ for 5 min, after which the gels were
swelled overnight to equilibrium. Solutions of mPEG-Tz were prepared in PBS at

concentrations corresponding to the concentrations of free norbornene groups available
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in the gels (1, 3, and 5.32 mM). Each gel was incubated at room temperature on an
orbital plate shaker in 400-500 pL of the corresponding mPEG-Tz solution overnight
(15-18 h), with the exception of the gels with 0 mM free norbornene which were
incubated under the same conditions in fresh PBS. The gel samples were stored in PBS

at 4°C when not in use to prevent degradation.

Table II1.1 Variable pTNCP fraction hydrogel formulations

[MPEG-Tz] (mM) | [mPEG-SH] (mM) | TNCP fraction (%)
0 5.32 0

1 4.32 19

3 2.32 56

5.32 0 100

I111.2.5 Rheological Characterization

Shear oscillatory rheology was conducted using an Anton Paar Physica MCR 301
rheometer using an 8 mm parallel plate geometry. Gels were allowed to equilibrate to
37°C before testing. Shear storage and loss moduli were averaged over the course of a
60 s time sweep at 1% strain, 1 rad/s at 37°C (n=3). Frequency and amplitude sweeps

verified that these parameters fell within the linear viscoelastic region.
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I1I1.2.6  Enzymatic Degradation

Hydrogel degradability was assessed via collagenase B degradation. Collagenase
B (Roche) was dissolved in sterile-filtered PBS at a concentration of 0.2 mg/mL. Gels
swollen to equilibrium were weighed and then each submerged in 1 mL collagenase
solution. The gel samples were incubated in collagenase solution at 37°C. The gels were
removed from solution, dried briefly to remove excess solution from the surface, and
weighed at intervals of 5 min for the first 30 min, then intervals of 30 min until 90 min
total, after which they were weighed every 60 min until the gels degraded completely.
111.2.7  Dynamic Hydrogel Stiffening
I11.2.7.1  Gels made with PBS

A pre-gel solution in PBS was prepared using 7.5 wt.% 40 kDa PEG-8-NB, 2
mM LAP, I mM CGRGDS, and 3.16 mM either KCGPQ-W or KCGPQ-A (1:2 thiol-
ene ratio). This solution was polymerized using 365 nm UV light at 20 mWcm™ for 5
min, leaving 5.32 mM free norbornene groups. The gel samples were swelled overnight
(15-18 h) to equilibrium in PBS, after which their starting shear storage and loss moduli
were measured. To initiate stiffening, the swollen gels were added to a solution of 5.32
mM mPEG-Tz in PBS on an orbital plate shaker. The storage and loss moduli of the gels
were measured every hour over the course of 6 h. At each time point, the gels were
rinsed for 5 min in sterile-filtered PBS, subject to rheological measurement, and then
returned to the mPEG-Tz solution. After 6 h, the gels were allowed to soak in the

solution for another 12 h on the orbital plate shaker for a total of 18 h of incubation in
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mPEG-Tz. After that, the final storage and loss moduli were measured using the same
rheological parameters.
I11.2.7.2  Gels made with cell culture media

To test dynamic gel stiffening in cell culture conditions, the same pre-gel
solution was prepared in sterile field with the KCGPQ-W peptide crosslinker in
complete culture media (Dulbecco's Modification of Eagle's Medium (DMEM, 1X;
Corning) infused with 10% fetal bovine serum (FBS; Atlanta Biologicals) and 1%
penicillin-streptomycin (EMD Millipore)). 60 pL gel samples were polymerized in 8mm
molds using 365 nm UV light at 10 mW cm™ for 5 min, leaving 5.32 mM unreacted
norbornene groups as before. These gels were swelled to equilibrium in 1 mL complete
culture media at 37°C and 5% CO: to maintain a physiologic pH of the culture media
and prevent accelerated hydrolysis. After initial swelling, the gels were removed from
culture conditions and the storage and loss moduli were evaluated using the previously
described rheological parameters. Then, the gels were each submerged in 500 pL sterile
complete culture media supplemented with 5.32 mM mPEG-Tz. The gels were UV
sterilized for 30 min to prevent the growth of contaminants, and then were incubated at
37°C and 5% CO- for a total of 4 h of swelling in mPEG-Tz. The gels were then
removed from the mPEG-Tz solution and rinsed in 1 mL complete growth media on an
orbital shaker for 10 min. Then, the storage and loss moduli were assessed again using
the same rheological parameters. Afterwards, the gels were UV sterilized, submerged in

I mL complete media each, and returned to culture conditions (37°C, 5% CO.). The
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storage and loss moduli were assessed via rheology again 1 day and 3 days after
stiffening.
111.2.8  Characterization of Norbornene Consumption via NMR

Pre-gel solution was collected, along with gel samples post-thiol-ene
polymerization (5.32 mM free norbornene) and after both thiol-ene and tetrazine-ene
polymerization. The gel samples were rinsed overnight (15 h) in ultrapure water, and
then hydrolyzed in 0.1 N NaOH for 1 h at 37°C. The degraded samples were
homogenized by vigorous pipetting and then frozen, along with the collected pre-gel
solution, at -80°C. All three were then lyophilized and resuspended in deuterium oxide.
1H NMR was performed on each sample using a Bruker Avance Neo 400 Hz console
with an Ascend magnet and an automated tuning 5 mm broadband iProbe. For
quantitative analysis, the peak integrals were normalized to the PEG peak at 3.7 ppm
(454.5 H).
111.2.9  3T3 Cell Encapsulation and Viability

Cytocompatibility of 3D culture in dynamic hydrogels was tested using 3T3
murine fibroblasts (ATCC). 3T3s were maintained on tissue culture polystyrene flasks in
complete growth media consisting of Dulbecco's Modification of Eagle's Medium
(DMEM, 1X; Corning) infused with 10% fetal bovine serum (FBS; Atlanta Biologicals)
and 1% penicillin-streptomycin (EMD Millipore). Cells were passaged every two days
until collection for hydrogel encapsulation. Prior to encapsulation, cells were lifted and
pelleted via centrifugation before resuspension in complete growth media. 3T3s were

added to the pre-gel solution described for dynamic hydrogels at a density of 20,000
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cells/gel. Then, 20 pL of gel precursor solution with cells was pipetted into sterile molds
made by cutting the tips off 1 mL syringes. The gels were exposed to 365 nm UV light at
5 mWem™ for 3 minutes and transported to sterile 24 well plates. An aliquot of complete
media was supplemented with 5.32 mM mPEG-Tz and sterile filtered via 0.2 um
cellulose acetate syringe filter. Post-UV polymerization, the pTNCP gels were incubated
in 450 pL of the sterile mPEG-Tz media solution. The gels were incubated at 37° and
5% COx for 4 h, after which an additional 1 mL complete media was added to all
gels. The media was changed to complete growth media after 24 h. Cell viability was
assessed at 1 and 3 days after mPEG-Tz addition using a Live/Dead assay. The gels were
then imaged at three separate locations each to provide accurate representation of live
(green) and dead (red) cells throughout each gel. Quantitative analysis was performed
using Imagel.
II1.2.10  Statistical Analysis

With the exception of time-series data analysis, statistical analysis was performed
using GraphPad Prism 6. For these data, significance was determined via ANOVA with
post-hoc two-tailed Student’s t-test. P values less than 0.05 were considered significant.
Means are reported with standard deviations. Time-series gel stiffening data was
analysed in R. Because of the low sample size (n=3) and because the data consisted of
repeated measures of the same samples, a linear mixed model was applied to the data to
determine whether the increase in modulus over time was significant. P-values were
calculated via Satterthwaite’s degrees of freedom method. P-values less than 0.05 were

considered significant.
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Results and Discussion
I111.2.11  Sequential Click Reactions for Click Product Installation

Previously, non-covalent interactions between TNCP were found to be sufficient
to induce gelation in a multi-arm PEG system.'®* It was hypothesized that these same
non-covalent interactions could be used to controllably stiffen a pre-existing covalent
network through the in situ installation of pTNCP. First, covalent networks were formed
via radical-mediated thiol-ene click chemistry. 7.5 wt.% 40 kDa PEG-8-NB was reacted
with a bis-cysteine peptide crosslinker and 1 mM pendant cell-adhesive peptide
CGRGDS at a 1:2 thiol-ene ratio, leaving 5.32 mM free norbornene groups. Next, the
gels were swelled in a solution of monofunctional mPEG-Tz in PBS to install pTNCP
via IEDDA click chemistry using the remaining norbornene groups, as represented in
Figure II1.3a. Initial attempts combined the two reactions in a ‘one-pot’ synthesis, but
the solution failed to gel (not shown). This may be attributed to radical scavenging by
the tetrazine groups inhibiting the thiol-ene reaction. However, dividing the gel synthesis
into two steps was successful and enabled controlled stiffening of the gel upon addition
of mPEG-Tz. This system was able to leverage sequential polymerization because of the
ability of the cyclic alkene norbornene to react with either thiol groups or s-tetrazines,
Figure II1.3b. Proton NMR demonstrated approximately 65% norbornene conversion
after the initial thiol-ene polymerization, slightly higher than the theoretical norbornene
conversion of 57% calculated via Flory-Stockmayer gelation theory, Figure I1L.3c. !""
172 The discrepancy in theoretical and observed conversion may have been due to an

overestimation of PEG-8-NB functionalization or underestimation of the concentration
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of the peptide stock solutions. However, all remaining norbornene groups were
converted upon the addition of 5.32 mM mPEG-Tz, demonstrating successful

installation of pTNCP.
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Figure II1.3 (a) 7.5 wt.% PEG-8-NB was polymerized using radical-mediated thiol-ene
click chemistry with 1 mM CGRGDS peptide and an enzymatically degradable peptide
crosslinker at a 1:2 thiol-ene ratio to create a covalent network with 5.32 mM unreacted
norbornene groups remaining, where pTNCP moieties are installed in sifu via tetrazine-
norbornene click chemistry. (b) Schematic of TNCP synthesis. (c) Protons on the alkene
norbornene (highlighted) are represented by peaks from ~5.9-6.3 ppm in 1H and are
consumed in the IEDDA reaction with tetrazine to form pTNCP. Reprinted with
permission from Holt et al.!*
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111.2.12  Effect of TNCP Fraction and Crosslinker Selection on Gel Stiffness

Next, the relationship between the concentration of pTNCP and bulk hydrogel
stiffness was investigated. To control for the total PEG content of the gels while varying
the pTNCP concentration, monofunctional 5 kDa mPEG-SH was incorporated at varying
concentrations in the gel via UV polymerization, Figure II1.4a. The resulting pendant
thiol-ene groups were the same size as the pTNCP, but did not display the same
supramolecular associations. Additionally, two choices of enzymatically-degradable
peptide crosslinker were compared which were identical but for the choice of either a
tryptophan or an alanine residue. The aromatic indole of the tryptophan residue can

197. 198 which were also implicated in TNCP

participate in pi-pi stacking interactions,
supramolecular interactions.!%* We predicted that the tryptophan variant peptide would

participate in interactions with the TNCP as well, which would result in stiffer gels than

those made with the alanine variant peptide.
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Figure II1.4 (a) Differing ratios of 5 kDa methoxy-PEG-thiol to 5 kDa methoxy-PEG-
tetrazine were used to adjust the TNCP fraction while keeping the PEG content of the
gels consistent. (b) Increasing gel TNCP fraction increased the storage modulus in gels
regardless of crosslinker selection, with 100% TNCP gels displaying 17- and 2.5-fold
higher shear storage moduli in KCGPQ-A and KCGPQ-W crosslinked gels, respectively
(p<0.0001, p=0.0005, n=3 for both). Reprinted with permission from Holt et al.!*®

Regardless of the choice of peptide crosslinker, increasing the TNCP fraction
increased the shear storage modulus of the gels significantly, Figure II1.4b. The
increase was higher in the KCGPQ-A crosslinked gels, which were approximately 17-
fold stiffer with a 100% TNCP fraction (5.32 mM pTNCP, 3034+481 Pa) than with a 0%
TNCP fraction (172.4+15 Pa). Additionally, the modulus of the KCGPQ-W crosslinked
gels was 2.5-fold higher in the 100% TNCP fraction gel formulation versus the 0%
TNCP fraction controls (4353+£365 Pa vs. 1730+427 Pa). Notably, at each TNCP
fraction tested, the modulus of the KCGPQ-W crosslinked gels was much higher than
that of the KCGPQ-A crosslinked gels. While the pTNCP supramolecular interactions

have a clear impact on the storage modulus of the gels, these data suggest that the
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presence of other aromatic residues can impact the storage modulus as well. However,
the pTNCP-induced change in stiffness in the KCGPQ-A gels (2862 Pa) is significantly
more than the tryptophan-attributed difference in stiffness between the KCGPQ-A and
KCGPQ-W crosslinked 0% TNCP fraction gel formulations (1558 Pa).
111.2.13  Effect of pTNCP Installation on Gel Enzymatic Degradability

Next, the effect of the presence of pTNCP on enzymatic gel degradation was
investigated. Previous studies indicated that the presence of TNCP supramolecular
interactions in covalently crosslinked gels inhibited hydrolytic gel degradation.'64
However, gel degradation is important because it allows for cell spreading and migration
in 3D culture. Again, two enzymatically-labile peptide crosslinker variants in the initial
covalent network were compared (KCGPQ-W or KCGPQ-A), Figure II1.5a. Gels were
then modified with either 5.32 mM pendant thiol-ene groups (0% TNCP fraction) as a
control or 5.32 mM pTNCP (100% TNCP fraction). All four groups were treated with

0.2 mg/mL collagenase B to simulate accelerated degradation in the presence of cell-

secreted enzymes and the remaining mass was measured periodically.
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Figure IIL5 (a) Degradable peptide crosslinkers with either an alanine residue
(KCGPQ-A) or a tryptophan residue (KCGPQ-W) were compared in gels containing
pendant tetrazine-norbornene click products (pTNCP) to determine impact on gel
stiffness. (b) KCGPQ-A crosslinked gels with a 100% TNCP fraction (5.32 mM
pTNCP) on average degraded completely after 180 min of treatment with 0.2 mg/mL
collagenase B at 37°C, compared to 0% TNCP fraction gels which degraded completely
within 15 min. (c) KCGPQ-W crosslinked gels with a 100% TNCP fraction on average
degraded completely after 570 min under the same conditions, while KCGPQ-W
crosslinked 0% TNCP fraction gels degraded within 60 min. Reprinted with permission
from Holt et al.!?®

Regardless of choice of crosslinker, the pTNCP-containing gels displayed
significantly slower degradation than control gels, with the pTNCP gels lasting almost
10-fold longer on average. The KCGPQ-A crosslinked control gels had degraded
completely after 20 minutes, while those containing pTNCP displayed little mass loss up
to 120 minutes and were found to be completely degraded after 180 minutes, Figure
IIL.5b. The effect was even more dramatic in the KCGPQ-W crosslinked gels, which

took nearly 10 hours (570 min) to degrade completely, Figure III.5¢. However, the
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degradation curve of the KCGPQ-W crosslinked pTNCP gels displayed two unique and
interesting features: first, the gels swelled dramatically up to about 150 minutes, and
second, there was a high degree of variability in the remaining mass after that point.
Bulk-degrading hydrogels commonly swell and increase in mass as they degrade. This
swelling is observed when the partial cleavage of the polymer network is enough to
increase the average mesh size but insufficient for the network to dissolve. The high
degree of swelling in the pTNCP-containing, KCGPQ-W crosslinked gels may indicate
an extended preservation of the gel network even with the scission of the peptide
crosslinkers of the covalent network.

Importantly, the presence of pTNCP clearly allows for gel degradation, unlike
previously published tetrazine-norbornene covalently crosslinked hydrogels which
displayed resistance to hydrolytic degradation.'®* This indicates pTNCP-mediated
stiffening permits enzymatic degradation of the gel, which is necessary for cell spreading
and motility in 3D culture. However, the presence of pTNCP does appear to significantly
slow the rate of enzymatic degradation. Notably, reported stiffening methods using
sequential or secondary covalent crosslinking in PEG-peptide hydrogels report delayed
or inhibited enzymatic degradation. For instance, the method of Mabry and colleagues
using sequential thiol-ene crosslinking in multi-arm PEG hydrogels produced non-
degradable networks post-stiffening.”” Arkenberg and colleagues report delayed
enzymatic degradation of their gels stiffened using secondary covalent IEDDA

crosslinking.”® Future work will need to elucidate the effects of this delayed degradation
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on cell migration and spreading and how these effects compare to sequential covalent
crosslinking stiffening methods.
111.2.14  Controllable Dynamic Hydrogel Stiffening

Next, dynamic stiffening of gels upon addition of mPEG-Tz was characterized.
To do so, the gels were swelled in 5.32 mM mPEG-Tz in PBS on an orbital plate shaker
and their shear storage modulus was measured every hour for 6 hours. The gels were
allowed to sit in the mPEG-Tz solution for an additional 12 hours before their final
modulus was measured. Both the KCGPQ-W crosslinked and KCGPQ-A crosslinked
gels displayed an approximately 2-fold increase in storage modulus over the course of 6
hours, Figure II1.6a-b. The trends in modulus in the gels made with either crosslinker
were found to be significant (KCGPQ-A: p=8.25¢-9, KCGPQ-W: p=0.000158). The
KCGPQ-A crosslinked gels demonstrated a consistent increase in modulus every hour
until about 4 hours of mPEG-Tz addition when the modulus plateaus. In contrast, the
modulus evolution of the KCGPQ-W crosslinked gels was less consistent.
Unexpectedly, the KCGPQ-W crosslinked gels demonstrated a decrease in modulus after
2 hours of mPEG-Tz treatment before a rapid increase in modulus. The reason for this is

unclear.

65



*%k%k

_ Fkk —_ 12 _
a) - 6000 b) = 00
& 5000 & 10004
(2] w
g 4000 g 800
o
Esooo § 600
2000 O 400+
© 1]
5 1000 ) 5 2001 _
& = KCGPQ-W crosslinked & -e- KCGPQ-A crosslinked
0 T T T T T T T 0 L] T T T T T T
0o 1 2 3 4 5 8 0o 1 2 3 4 5 8
Swelling time (h) Swelling time (h)
* %
C) 5 60001 75 15001 "
& &
w w7 wv
= 4000 %é = 10004
S ’/ =1
L 2000 pt % Y 500qE
ol 7 a :
Pre 1 6 Pre 1 [¢]

Time post-stiffening (days)
KCGPQ-W [ KCGPQ-A

Figure I11.6 (a) KCGPQ-W crosslinked gels exhibited an increase in shear storage
modulus from 1918+573 to 4890+256 Pa over the course of 6 h of treatment with 5.32
mM 5 kDa mPEG-Tz. (b) KCGPQ-A crosslinked gels exhibited an increase in shear
storage modulus from 499+65 to 940+172 Pa over the course of 6 h of treatment with
5.32 mM 5kDa mPEG-Tz. (c) The increase in modulus was found to persist 6 days after
treatment and storage in PBS. Reprinted with permission from Holt et al.!®

Notably, the starting modulus for both conditions was higher than that of the
static control gels made with mPEG-SH occupying the free norbornene groups. We
expect that this is due to the steric effects of the added pendant PEG-thiol-ene product
groups, which would increase the space between polymer chains in the absence of the

supramolecular interactions seen with the pTNCP, increasing the swelling and
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decreasing the modulus of the gels. Additionally, the modulus of the KCGPQ-W
crosslinked gels was higher than the KCGPQ-A crosslinked gels at every point,
consistent with the static modulus data. This again suggests that the tryptophan residues
contribute to gel stiffening through supramolecular interactions with either pTNCP or
other tryptophan residues. Furthermore, it should be noted that the rheological methods
used assessed the bulk modulus of the sample, though it is reasonable to expect
heterogenous stiffening at a smaller scale throughout the gel over time as the mPEG-Tz
diffuses into the network. The spatial heterogeneity of stiffening kinetics in three
dimensions is an important topic for future study. Notably, the modulus effects of the
added pTNCP were found to be long-lasting, with no significant difference in modulus
between 1- and 6-days post-stiffening, Figure I11.6c.

Notably, pTNCP-mediated stiffening yielded increases in modulus comparable to
previously published covalent sequential and secondary crosslinking methods. Step
growth, multi-arm PEG networks controllably stiffened via secondary crosslinking using

103,199 4nd thiol-ene click

beta cyclodextrin,'!® enzyme-mediated tyrosine ligation,
chemistry”® displayed between 1.25- and 2.5-fold increase in storage modulus. Dynamic
stiffening through the addition of a secondary network of multi-arm PEG can produce
significantly greater increases in modulus (up to 50-fold), however the dense final
network restricts cell spreading and growth.’” While other non-covalent stiffening
methods may better accommodate cell spreading and migration, those employed in PEG-

peptide hydrogels have demonstrated significantly smaller increases in modulus than

pTNCP-stiffened networks. For instance, photomediated stiffening via azobenzene
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configuration changes'** and LOV?2 protein domain configuration changes!'*’

demonstrated less than 1-fold change in modulus (60% and 15%, respectively).
Additionally, the concentration-dependent effect of pTNCP on gel storage modulus
suggests that greater net changes in gel modulus may be possible using polymer
architectures which allow for a greater final concentration of pTNCP. Interestingly,
recent work by Arkenberg et al. stiffened partially-crosslinked 8-arm PEG-norbornene
networks by adding 4-arm PEG-tetrazine, tetrazine-modified heparin, or tetrazine-
modified hyaluronic acid and observed 5- to 20-fold increases in gel storage modulus.”
While the degree of stiffening observed using non-covalent pTNCP interactions is
smaller, the mPEG-Tz added to the gel is significantly smaller than the tetrazine-
functionalized macromers used by Arkenberg et al., which may result in faster and more
uniform diffusion of the tetrazine throughout the gel. Furthermore, these results support
that TNCP-mediated stiffening may also be applicable in gels containing heparin and
hyaluronic acid. In addition, while the stiffnesses achieved by this system are within a
physiologically relevant range,**° the upper and lower limits of the achievable pre- and
post-stiffening moduli remain to be determined. The pTNCP concentration, PEG
macromer concentration and molecular weight, peptide structure and concentration, and
inclusion of alternative aromatic moieties may all be adjusted to modify the achievable
mechanical properties. Varying the structure of the monofunctional tetrazine species by
changing the PEG molecular weight or by substituting an alternative hydrophilic moiety

may also affect the kinetics and magnitude of gel stiffening.
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I111.2.15  Cytocompatibility of Dynamic Stiffening Platform

Finally, the cytocompatibility of the pTNCP dynamic stiffening method was
assessed. First, the efficacy of the pTNCP dynamic stiffening method in cell culture
media instead of PBS was investigated. A pre-gel solution using peptide crosslinker
KCGPQ-W was prepared in complete culture media and UV polymerized as previously
described. The installation of pTNCP was performed by swelling the gels in complete
culture media supplemented with 5.32 mM mPEG-Tz under culture conditions (37°C
and 5% CO») and the mechanical properties of the gels were assessed. The gels
demonstrated a 664 Pa (67%) increase in modulus, from 990.5+67 Pa to 1654+108 Pa (p
=0.0018, n = 3), after 4 h of treatment with 5.32 mM mPEG-Tz in complete culture
media, Figure I11.7a. Additionally, the increased shear storage modulus persisted 1- and
3-days post-stiffening, though the modulus decreased slightly over time (1594495 Pa

and 1421+£309 Pa, respectively, p = 0.49), Figure II1.7b.
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Figure I11.7 (a) Gels UV polymerized and stiffened via pTNCP installation in complete
culture media exhibited a 67% increase in shear storage modulus. (b) The increase in
modulus persisted 1- and 3-days post-stiffening, though the average modulus decreased
slightly but not significantly over time (p = 0.49). Reprinted with permission from Holt
et al.!¢

Next, cell viability after stiffening was examined via live-dead assay. 3T3 murine
fibroblasts were first encapsulated at a density of 20,000 cells/gel in a hydrogel made
with 7.5% 40 kDa PEG-8-NB crosslinked with a bifunctional peptide at a 1:2 thiol-ene
ratio with 1 mM CGRGDS and 2 mM LAP. Immediately after UV crosslinking, the
pTNCP gels were submerged in a small amount of complete growth media
supplemented with sterile 5.32 mM mPEG-Tz. Because modulus evolution experiments
indicated the gel storage modulus plateaued around 4 hours, the media in both groups
was supplemented with 1 mL complete growth media after 4 hours to prevent drying out
of the sample. After 24 hours in culture, this media was removed and replaced with
complete growth media for continued culture. The cell viability was assessed via

Live/Dead assay at 1- and 3-days post-mPEG-Tz addition. After one day in culture, the
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viability was 87+7% and remained high at 3 days (88+9%) as shown in Figure I11.8a-b.
There was no statistically significant difference in cell viability over the course of the
experiment (p = 0.82). These data suggest that the installation of pTNCP has no effect

on cell viability.
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Figure I11.8 (a) 3T3 fibroblasts demonstrated high viability 1 day after stiffening using
mPEG-Tz (87+7%) and maintained high viability 3 days after stiffening (88+9%) with
no significant statistical difference (p = 0.82, n = 3). (b) Representative images show
high cell viability overall with some dead cells. Reprinted with permission from Holt et
31.196

III.3  Conclusions

Overall, this work demonstrates a novel method with broad potential utility for
controllably stiffening PEG-peptide hydrogels. Hydrogel stiffening is long-lasting and
allows for but slows gel enzymatic degradability. The concentration-dependent effect of
pTNCP on bulk hydrogel stiffness may allow for broad tunability of achievable

properties. Also, the installation of pTNCP via IEDDA click chemistry is bio-orthogonal
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and was shown to have no adverse effect on the viability of encapsulated 3T3
fibroblasts. However, future studies should investigate the effects of gel stiffening on
cell morphology and migration within the gel. Future studies should also explore
whether pTNCP-mediated stiffening can be applied in other polymer systems, including
gelatin and hyaluronic acid, and to what degree the starting and final modulus as well as
the stiffening kinetics can be controlled. Additionally, the photomediated thiol-ene
reaction used to form the initial covalent gel network may allow for spatial control of the
remaining free norbornene groups for the installation of pTNCP, enabling spatial control
of gel stiffening. In the future, this platform has the potential to contribute to user-
friendly and dynamic cell culture models of a broad spectrum of clinically important
pathologies, including a variety of fibrotic diseases, cancers, and cardiovascular

diseases.
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CHAPTER IV
SELF-HEALING, INJECTABLE GELATIN-BASED HYDROGELS USING

DYNAMIC SUPRAMOLECULAR CROSSLINKING

IV.1 Introduction
Extrudable and injectable hydrogels are of great interest for their potential use in

extrusion bioprinting!?% 201202

as well as their myriad potential clinical applications,
from the delivery of drugs and cell-based therapeutics to the facilitation of wound
healing and tissue regeneration.?®>2°” However, not all hydrogels are capable of being
extruded. First, to be amenable to extrusion, the gel must exhibit a sufficiently low
viscosity for flow under relevant shear rates and injection forces.?*® This is especially
critical when the gel is used to deliver cells because high levels of shear stress during
extrusion or injection can reduce cell viability.?*?!° Second, the material must have a
robust and stable polymer network after extrusion.?!! Unfortunately, these two
requirements are often in direct contradiction, as mechanically robust networks have
inherently high elasticity, and, if they can flow, high viscosity.?!? To address these
needs, a wide variety of strategies have been explored to develop extrudable hydrogels
which broadly fall into two categories: in situ crosslinking and shear-thinning dynamic
crosslinking.

In situ crosslinking of the hydrogel polymer network allows injection of a low

viscosity sol before the formation of the elastic gel at the site of installation. This has

been achieved through stimulus-responsive controlled crosslinking, including a few
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methods of stimulus-controlled physical crosslinking. Poly(N-isopropylacrylamide
(PNIPAM) has been used repeatedly to introduce temperature-controlled physical
gelation in situ, as it displays temperature-dependent phase transition behavior that
yields a sol at low temperature and becomes a gel around physiologic temperature
(37°C)."?% It can be grafted to natural polymers such as chitosan or hyaluronic acid'?’ or
synthetic polymers such as (R)-a-acryloyloxy-p,B-dimethyl-butyrolactone and Jeffamine
acrylamide'?® to tune the swelling and degradability of the gel. Similarly, block-co-
polymer systems can also exhibit a pH- or temperature-responsive phase transition. For
example, Turabee et al. demonstrated the use of a block-co-polymer synthesized from
PEG as well as peptides poly(y-benzyl-L-glutamate) and oligo(sulfamethazine) for
subcutaneous injection and delivery of cationic proteins.!?

Alternatively, several stimuli-responsive covalent crosslinking methods have
demonstrated application for in situ gelation. Many conventional covalent crosslinking
reactions can also be controlled by exogenous stimuli or have a very slow reaction time
which allows them to gel after extrusion. For instance, tuning the molecular weight,
degree of substitution, and the concentration of thiol-functionalized hyaluronic acid
(HA) and vinyl-sulfone-functionalized PEG or PEG functionalized with maleimide and
thiol groups, can tune the time to gelation via Michael addition reaction to allow for
injectability.?!® 2% Alternatively, UV-photocontrolled polymerization, including via
radical-mediated thiol-ene chemistry'?® and radical polymerization of gelatin-

124

methacrylate, =" can also be used for in sifu crosslinking post-injection. While in situ

crosslinking methods have the potential to rapidly adopt the desired robust mechanical
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properties at the delivery site, a slow-reacting gel may be deformed or the sol washed
away before the polymerization reaction is complete. Furthermore, stimulus-controlled
polymerization can be limited by the site of injection. For example, surgical applications
of photo-controlled chemistries may be limited, as most tissues strongly attenuate light.
The second approach is to design shear-thinning hydrogels, which can display
reduced flow under shear stress and then recover their properties after extrusion. These
gels are typically physically crosslinked because the relatively weaker interactions can
break and re-form, unlike irreversible covalent crosslinks. Firstly, several dynamic
covalent crosslinking chemistries can be used to form shear-thinning hydrogels,

134 oxaborole-diol bonds,'** and

including Schiff base linkages,'** boronic ester bonds,
hydrazone bonds.!3® Of these shear-thinning gels, some rely on domain-specific
supramolecular interactions. Various polymers can be functionalized with moieties that
participate in supramolecular bonds while preserving other desired structural and
functional characteristics of the gel. For instance, the Burdick group has developed
shear-thinning hydrogels which utilize host-guest interactions between adamantane and
B-cyclodextrin functional groups along an HA backbone. The mechanical profile of
these gels can be tuned by changing the degree of functionalization of the HA, and by
incorporating a secondary covalent Michael addition reaction,'*! the mechanical
properties of the gel can be further stabilized after extrusion.'3? Several alternative

215,216 or

strategies have taken advantage of domain-specific peptide self-assembly
protein-protein interactions.®® While shear-thinning physical gels are generally weaker

than those made from conventional covalent crosslinking methods, they are able to self-
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heal and quickly recover their properties after extrusion. The domain-specific nature of
these particular supramolecular gelling systems also allows a great deal of tunability and
the integration of in situ covalent polymerization post-extrusion, which can offer the best
features of both strategies.

Previously, we had observed similar domain-specific supramolecular interactions
between the cycloaddition products of the tetrazine-norbornene inverse electron-demand
Diels Alder click reaction, termed tetrazine-norbornene click products, or TNCP.'®* We

164 and

were able to form supramolecular PEG hydrogels using these interactions,
because the synthesis of the TNCP could be performed in situ in the presence of cells,
we were able to install TNCP in a pre-existing covalent network that had been
crosslinked via photo-controlled thiol-ene click chemistry.!*® Here, we hypothesized that
TNCP functionalization could be leveraged to engineer a new class of extrudable
hydrogels which combine the advantages of shear-thinning hydrogels and in situ
gelation. We first demonstrated that TNCP supramolecular interactions could be utilized
to modulate the mechanical properties of gels made from gelatin-norbornene (geINB).
Next, we synthesized a supramolecular gel by reacting geINB with a monofunctional
PEG-tetrazine to create TNCP-functionalized gelatin (gel TNCP). Finally, ge TNCP gels
exhibited shear thinning and high cohesion during extrusion, and unreacted norbornene
groups in the network could be leveraged for mechanical reinforcement through
secondary covalent crosslinking. Taken together, these data support the broad

applicability of TNCP supramolecular crosslinking in customizable injectable and

extrudable hydrogels.
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IV.2 Materials and Methods
1V.2.1 General Materials

4-arm, 20 kDa PEG-tetra-thiol (PEG-4-SH) and 3.4kDa PEG-di-thiol (PEG-2-
SH) were purchased from Laysan Bio, Inc. and used without further modification.
Lithium acylphosphinate (LAP) was purchased from Sigma-Aldrich and used without
further modification.
1V.2.2  Gelatin-Norbornene Functionalization

Gelatin was functionalized with norbornene acid as previously described.?!” First,
0.684 M N-hydroxysuccinimide (NHS, Aldrich), 0.684 M 5-norbornene-2-carboxylic
acid (Alfa Aesar), and 34.2 mM triethylamine (Alfa Aesar) were allowed to dissolve in
anhydrous dichloromethane (DCM, Acros Organics) under nitrogen for 1 h. N,N’-
diisopropylcarbodiimide (Alfa Aesar) was added dropwise to a final concentration of
0.684 M. The reaction was allowed to proceed while stirring under nitrogen for
approximately 24 h, after which the reaction was filtered to remove precipitated urea by-
product. The desired norbornene-NHS-ester product was collected via rotovap as a
white, waxy product which was then utilized without further purification.

Type A gelatin from porcine skin (300 g bloom, Sigma) was dissolved at 10
w/v% in dimethyl sulfoxide (DMSO, VWR International) with 71 mM triethylamine at
50°C. The crude norbornene-NHS-ester from the previous step was added while stirring
to a final concentration of 3.34 w/v%. The reaction was allowed to proceed at 50°C for
24 h and was then terminated by diluting the reaction in 2 volumes of distilled water.

The product was dialyzed against ultrapure water at 45°C then frozen, lyophilized, and
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stored at -20°C until further use. Functionalization was characterized via '"H NMR as
shown in Figure IV.1 and the degree of functionalization of available amine groups on
the geINB was calculated using the method described by Tigner et al.?!” The

concentration of norbornene groups was found to be 0.298 mmol per gram of geINB.
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Figure IV.1 'H NMR Characterization of gelatin-norbornene functionalization (D0,

500 MHz). Peaks around 8 6.11 and & 5.77 are associated with the alkene norbornene
and were normalized to the methyl peak at 6 0.74.

1V.2.3  Methoxy-PEG-Tetrazine Functionalization

2 kDa methoxy-PEG-hydroxyl (mPEG-OH) was functionalized with tetrazine
carboxylic acid (Tz-COOH) to yield monofunctional mPEG-tetrazine (mPEG-Tz). 1.0 g
2 kDa mPEG-NH> (0.50 mmol, 0.50 mmol -NH>), 298 mg Tz-COOH (2X to NH>, 1.00
mmol, BroadPharm), and 418 mg 1-Hydroxybenzotriazole monohydrate (HOBt, 5.5X to

NHa, Creosalus) were added to a dry, argon purged vessel. The dry components were
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then dissolved in 10 mL anhydrous dimethylformamide (DMF, Acros Organics) and

0.28 mL triethylamine (4X to -NH>, 2.00 mmol, Alfa Aesar) and 0.43 mL N,N’-

diisopropylcarbodiimide (5.5X to -NH>, 2.73 mmol, Sigma Aldrich) were added. The

mixture was allowed to react for approximately 16 h under argon blanket. The reaction

mixture was then precipitated in 150 mL cold diethyl ether (4°C) and centrifuged to

remove the salt byproducts, then dried under vacuum and dialyzed against ultrapure

water for 48 h and lyophilized. Tetrazine functionalization was verified via proton NMR

and indicated 87% functionalization, Figure IV.2.
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Figure IV.2 '"H NMR Characterization of 2kDa mPEG-Tz in CDCls. 1H NMR (400
MHz, DMSO) 6 10.58 (s, 1H), 8.46 (dd, J= 7.0, 5.0 Hz, 3H), 7.86 (t, /= 5.7 Hz, 1H),
7.57 -7.50 (m, 2H), 4.39 (d, J = 5.9 Hz, 2H), 3.68 (dd, /= 5.7, 4.0 Hz, 1H), 3.50 (s,
182H), 3.24 (s, SH), 2.18 (t, J= 7.5 Hz, 2H), 2.10 (t, /= 7.4 Hz, 2H), 1.77 (h, J= 7.8

Hz, 2H).
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1V.2.4  Gel Stiffening via In Situ TNCP Installation

GelNB at a concentration of 5 w/w% in phosphate-buffered saline (PBS) was
combined with a thiol-functionalized PEG crosslinker, either 3.4 kDa PEG-2-SH or 20
kDa PEG-4-SH, at varying thiol-ene ratios as well as 2 mM of photoinitiator LAP. The
solution was pipetted into 8 mm round silicone molds and UV exposed at 20 mWcm™
for 5 minutes, after which the gels were swelled overnight to equilibrium. The shear
storage modulus for each sample (n=3) was measured via shear oscillatory rheology. An
Anton Paar MCR Physica 301 rheometer was used to perform 60s time sweeps at 1%
strain and 1 rad/s frequency. To test whether or not the installation of pendant TNCP
would impact gel stiffness, the gel samples were then submerged in a 2kDa mPEG-Tz
solution in PBS at a concentration of 5.32 mM. Each gel was incubated at room
temperature on an orbital plate shaker in 400—500 pL of the corresponding mPEG-Tz
solution for 6h, after which the gels were rinsed in PBS overnight and their storage
modulus was assessed again. The gel samples were stored in PBS at 4°C when not in use
to prevent degradation.
1V.2.5 In Situ Gelation and Modulus Evolution

Pre-gel solutions were prepared by first combining stock solutions of LAP and
PEG-4-SH in sterile-filtered PBS at room temperature, then adding gel-NB warmed to
50°C for ease of pipetting and mixing briefly. This solution was kept on ice until
warming for 3-5 minutes at 37°C immediately before use. Then, stock solution of 2kDa

mPEG-Tz was added to the pre-gel solution and mixed via pipette. The final
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concentrations of the components and ratios of reacting groups after the addition of

mPEG-Tz are indicated in Table IV.1 for the three formulations tested.

Table IV.1 Gel formulations for in situ gelation experiments

[MPEG-Tz] [GelNB] [PEG-4-SH] | Tz:NB | Thiol:NB
(mM); ww%) | (Wiw%) | (mM); ww%) | Ratio Ratio

4.47;1.03 5 0.37;0.75 0.30 0.10
7.45;1.71 5 0.37;0.75 0.50 0.10
7.45; 1.71 5 0; 0 0.50 0

The evolution of the shear storage and loss moduli of the sample was monitored
via shear oscillatory rheology. Immediately following the addition of mPEG-Tz to the
pre-gel solution, the sample was loaded onto the stage of an Anton Paar Physica MCR
301 rheometer, which was fitted with a transparent Peltier temperature control system.
This allowed both consistent testing of the samples at 37°C and in situ UV
polymerization of the samples. Gel samples were subject to an oscillatory time sweep for
15 min at 37°C, 1 rad/s, and 1% strain using an 8 mm diameter parallel plate geometry
and a gap height of 0.5 mm. At 10 min after the beginning of the test, the samples were
exposed to 365 nm UV light at an intensity of 10 mWcm™ for 3 min.
1V.2.6  Hydrogel Sample Preparation

GelNB at a concentration of 5 w/w% in PBS was combined with 20kDa PEG-4-

SH at a concentration of 0.75 w/w % (0.37 mM, ratio of thiol:norbornene = 0.10), LAP
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at a concentration of 2 mM, and 2kDa mPEG-Tz at a concentration of either 4.47 mM
(tetrazine:norbornene ratio = 0.30) or 7.45 mM (tetrazine:norbornene ratio = 0.50).
Samples were cast in 8 mm diameter and 1 mm thick molds made from silicone on glass
slides treated with Sigmacote according to the manufacturer’s protocol (Sigma-Aldrich).
First, the samples were allowed to incubate in the molds at 37°C for 1 h to allow the
IEDDA tetrazine reaction to proceed. Samples which also underwent UV-mediated
thiol-ene polymerization were then exposed to 365 nm UV light for 3 min at an intensity
of 10 mWem™. Samples were then either tested immediately or stored at 4°C until use,
tightly covered in the original mold to prevent evaporation.
IV.2.7  Rheological Characterization

Rheological testing was performed using a TA Instruments DHR2 Discovery
hybrid stress-controlled rheometer with an 8 mm diameter parallel plate measurement
geometry. All tests were performed at 37°C after a temperature equilibration period of 3
min with a 0.1 rad/s pre-shear applied for 10 s. Flow sweeps were performed using a
logarithmic shear rate sweep from 0.1 to 100 s with 5 points per decade with
measurements taken at steady state flow. To characterize the recovery of the material
after extrusion, peak hold tests were performed by subjecting the material to a period of
low shear at a shear rate of 0.1 s™! for 60 s, then a high shear period at a shear rate of 300
s for 5 s, and then returning to low shear (0.1 s!) for 180 s.
1V.2.8  Extrusion Testing

The extrudability of the gels was assessed via filament testing. Briefly, pre-gel

solutions prepared using the formulations specified in Table IV.2 were loaded into 3 mL
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syringes and allowed to polymerize for 1 hr. before extruding through the selected

nozzles at 37°C. The hydrogel’s capacity to form a continuous filament during extrusion

was evaluated visually.

Table IV.2 GelTNCP formulations for extrusion filament testing

[mPEG-Tz] [GeINB] [PEG-4-SH] Tz:NB Ratio Thiol:NB
(mM); Www%) (w/w%) (mM); ww%) Ratio
4.47;1.03 5 0.37;0.75 0.30 0.10
7.45;1.71 5 0.37;0.75 0.50 0.10
4.47;1.03 4 0.30; 0.60 0.375 0.10
7.45;1.71 4 0.30; 0.60 0.63 0.10
4.47;1.03 3 0.22; 0.45 0.5 0.10
7.45;1.71 3 0.22; 0.45 0.83 0.10

1V.2.9  Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6. For these data,

significance was determined via ANOVA with post-hoc two-tailed Student’s t-test. P

values less than 0.05 were considered significant. Means are reported with standard

deviations.

IV.3 Results and Discussion

1V.3.1 TNCP Supramolecular Interactions in Gelatin-Based Hydrogels

Previously, robust supramolecular gelation via TNCP interactions was

demonstrated in PEG-based hydrogels.'®* Additionally, in situ functionalization of an
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existing thiol-ene crosslinked PEG-peptide hydrogel network with pendant TNCP had
yielded a controllable increase in bulk storage modulus of about 2-fold.!”® However, it
remained unknown whether TNCP supramolecular interactions were unique to PEG-
based hydrogels or would be present in gels made from alternative polymers.
Furthermore, the impact of TNCP concentration on the mechanical properties of gelatin-
based gels was unknown. To test whether TNCP interactions would be observed in
gelatin-based hydrogels and, if so, what effect they would have on gel properties, we
assessed the shear storage modulus of geINB hydrogels before and after the installation
of pendant TNCP. First, gelNB at a concentration of 5% w/w was combined with a thiol-
functionalized PEG crosslinker, either PEG-2-SH or PEG-4-SH, at varying ratios of thiol
to ene in PBS, as detailed in Table IV.3. Photoinitiator LAP was also added to this pre-

gel mixture at a concentration of 2 mM.

Table IV.3 Gel formulations for comparing the effects of pendant TNCP
installation on gelINB-based hydrogels.

Thiol-ene [Gel-NB] | [Norbornene] PEG-SH [PEG-SH] [SH]
ratio (w/w%) (mM) functionality | (W/w%) (mM)
0.50 5 14.9 2 1.27 7.45
0.40 5 14.9 2 1.01 5.96
0.30 5 14.9 2 0.76 4.47
0.20 5 14.9 2 0.51 2.98
0.20 5 14.9 4 1.49 2.98
0.10 5 14.9 4 0.75 1.49
0.05 5 14.9 4 0.38 0.75
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Figure IV.3 In situ installation of TNCP increased the shear storage moduli of partially-
crosslinked covalent geINB hydrogels. (a) Initial covalent networks were formed via
radical-mediated thiol-ene click crosslinking, leaving free norbornene groups available
for subsequent TNCP installation. (b) Comparison of shear storage moduli in geINB gels
crosslinked with 3.4 kDa PEG-2-SH before and after treatment with 2kDa mPEG-Tz. (¢)
Comparison of shear storage moduli of geINB gels crosslinked with 20 kDa PEG-4-SH
before and after treatment with 2 kDa mPEG-Tz. (n=3, * indicates p < 0.05)

Upon exposure to UV light, this mixture formed a covalent network via radical-
mediated thiol-ene click chemistry while leaving free norbornene groups available for
TNCP synthesis in the following step, Figure I'V.3a. To facilitate in situ pendant TNCP
functionalization, the gels were then submerged in a solution of 5.32 mM 2 kDa mPEG-

Tz for 6 hours. The storage modulus of the gels was assessed via shear oscillatory
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rheology after the initial covalent gels were swelled in PBS to equilibrium and again
after treatment with mPEG-Tz. All experimental groups demonstrated an increase in the
shear storage modulus (G’) after treatment with mPEG-Tz, which indicated that the in
situ formation of pendant TNCP yielded an increase in gel stiffness comparable to that
observed in PEG-based gels, Figure I'V.3b-c. Statistically significant differences (p <
0.05) were seen in both groups made with a 20% thiol-ene ratio, one crosslinked with
PEG-2-SH (Figure IV.3b) and one crosslinked with PEG-4-SH (Figure IV.3c¢). Because
of the higher functionality of the PEG-4-SH compared to PEG-2-SH, much lower thiol-
ene ratios could be used and achieve gelation. These gels also had the greatest increase
in G’ following TNCP installation, approximately 2.6-fold in the 5% and 10% thiol-ene
gels and 2.2-fold in the 20% thiol-ene gels. These data indicated that pendant TNCP did
participate in supramolecular interactions which did indeed increase bulk stiffness in
geINB hydrogels.

Next, we hypothesized that TNCP supramolecular interactions alone would alone
be sufficient to achieve gelation of gelatin-based hydrogels. To test this, geINB at 5%
w/w was mixed with 7.45 mM 2 kDa mPEG-Tz in PBS (tetrazine:ene ratio = 0.50) and
were allowed to react in situ to yield TNCP-functionalized ge] TNCP while storage and
loss moduli were characterized via shear oscillatory rheology. As seen in PEG-based
supramolecular gels, the gel TNCP gel exhibited storage modulus (G’) crossover of the
loss modulus (G”), indicating gelation, around 5 minutes after the beginning of the test,
Figure IV.4a. Interestingly, these gels exhibited a G’ around 100 Pa, which was

significantly lower than that of those made from TNCP-functionalized 4-arm PEG
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previously, which were around 8 kPa.'®* However, this lower modulus could potentially

indicate the gels would be more amenable to extrusion. To test extrudability of the

gelTNCP gels, samples were allowed to gel at 37°C and were then subjected to a peak

hold rheological test. The gel viscosity was recorded as the gel was first subjected to a

low rate of shear (0.01 s) for 120 s, then a high rate of shear (200 s!) for 5 s, then a low

rate of shear once more for an additional 120 s to monitor the gel’s recovery of its initial

viscosity. As shown in Figure IV.4b, these gels completely recovered their initial

viscosity over the course of the test, with 80% recovery 50 s after the high shear. This

strongly indicated the gels could withstand the shear forces of injection and extrusion.
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Figure IV.4 (a) TNCP-functionalized gelatin alone forms a gel within 5 minutes at 37°C
and (b) is capable of viscosity recovery after shearing, with 80% recovery in
approximately 50 s.
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1V.3.2  Supramolecular GelTNCP Hydrogels with In-Situ Covalent Stabilization
While these results were promising, we speculated that the remaining free
norbornene groups of the ge TNCP hydrogels might be leveraged for in situ stabilization
post-injection using photocontrolled thiol-ene click chemistry, Figure IV.5a. The high
functionality of the molecule relative to multi-arm PEG systems would in theory enable
a high degree of tunability based on the concentration of TNCP functional moieties
installed along the gelatin backbone. The sequential addition of covalent crosslinks
could provide stabilization and mechanical reinforcement of the gels at the site of
extrusion. Gels were made from 5% w/w gelNB in PBS, which is the lower
concentration limit of gelatin-based extrudable gels, and at this concentration the gel
must be cooled to be stiff or viscous enough to retain its shape post-extrusion.?!® To
facilitate covalent crosslinking of the gels, 20 kDa PEG-4-SH was also added at a
thiol:ene ratio of 0.10 (0.75% w/w; 0.375 mM) with 2 mM of photoinitiator LAP.
Finally, 2 kDa mPEG-Tz was added to the mixture to initiate gelation via installation of
pendant TNCP moieties. To determine whether differences in TNCP concentration
would yield differences in gel properties, two concentrations of mPEG-Tz were
compared: 4.47 mM (0.30 tetrazine:ene ratio) and 7.45 mM (0.50 tetrazine:ene ratio).
Given these formulations, the maximum amount of available norbornene groups
converted in the two formulations, accounting for the 10% of norbornene groups

occupied by thiol-ene covalent crosslinks, would be 60% and 40%, respectively.
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Figure IV.5 (a) In situ supramolecular gelation of gel TNCP with sequential thiol-ene
covalent crosslinking for mechanical reinforcement. Shear storage modulus (G’)
crossover of shear loss modulus (G”) indicates supramolecular gelation within the first
two minutes of measurement for gels with both 4.47 mM (b) and 7.45 mM (c) TNCP.
Average shear storage modulus, G’ (d) and shear loss modulus, G” (e) of supramolecular
hydrogels made with either 4.47 or 7.45 mM TNCP immediately following gelation and
UV-mediated covalent stabilization. * p < 0.05, ** p <0.01, *** p <0.005, **** p <
0.001.
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Gelation was monitored for both the 4.47 mM TNCP and 7.45 mM TNCP
formulations using in situ rheology. As expected, both formulations demonstrated
gelation from TNCP interactions, indicated by crossover of storage modulus G’ over loss
modulus G” at approximately 105 s for 4.47 mM TNCP and approximately 45 s for 7.45
mM TNCP as indicated in Figure I'V.5b-¢. Next, sequential covalent thiol-ene
crosslinking was initiated via exposure to 365 nm UV light for 3 min at an intensity of
10 mWem™2. UV exposure was initiated 10 min after the start of the time sweep. Both
gel formulations demonstrated a slight increase in G’ as seen in Figure I'V.5b-c. The
initial modulus post-supramolecular and pre-covalent polymerization and the final
modulus post-supramolecular and post-covalent polymerization were quantified. After
supramolecular polymerization but before covalent polymerization, the 4.47 mM TNCP
gels demonstrated a G* of 454 + 19 Pa, lower than that of the 7.45 mM TNCP gels (1075
+ 227 Pa), Figure IV.5d. Additionally, the G’ of both groups increased after UV
exposure, however the 4.47 mM TNCP gels remained softer than the 7.45 mM TNCP
gels (1174 + 343 Pa and 1634 + 161 Pa, respectively). This is consistent with previous
observations of a concentration-dependent effect of pendant TNCP moieties on stiffness
of PEG-based hydrogels.

Interestingly, while G’ of both gel formulations increased following UV
polymerization, there was a marked and highly consistent decrease in G” of both gel
formulations, Figure IV.Se. In 4.47 mM TNCP gels, G” decreased from 33.0 + 4.3 Pa to
13.5 £ 0.7 Pa. Loss modulus is less often reported than storage modulus for hydrogel

biomaterials, as the elastic character of the gels represented by G’ is more intuitively
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connected to bulk gel stiffness. However, recent studies demonstrate that the viscoelastic
behavior of hydrogel substrates, indicated in part by the loss modulus, has significant
impact on cellular morphology and spreading.’’-!” A decrease in viscous flow behavior
of the gel material with the presence of covalent thiol-ene crosslinks makes intuitive
sense, however, it remains to be seen whether that change in material would affect cell
adhesion, spreading, and phenotype.
1V.3.3  Extrudability of GelTNCP Hydrogels

After demonstration of successful gelation and subsequent covalent stabilization
of geTNCP hydrogels, we explored the extrudability of these gels and their potential
application for 3D bioprinting. To do so, we first investigated whether or not the
supramolecular TNCP gelatin gels exhibited shear-thinning behavior. Gel samples were
subject to a rheological shear rate sweep, essentially increasing the amount of shear
experienced by the material, and the viscosity of the gel was measured. Furthermore, as
before, gels made with 4.47 mM TNCP and 7.45 mM TNCP were compared. As
expected, due to the supramolecular nature of the gel, both gels exhibited a decrease in
viscosity with increasing shear, indicating shear-thinning behavior, Figure I'V.6a-b.
Furthermore, peak hold tests confirmed that the addition of PEG-4-SH and LAP did not
affect the ability of the material to recover its viscosity after a short period of high shear,

Figure IV.6c¢.
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Figure IV.6 (a-b) Supramolecular ge TNCP hydrogels supplemented with uncrosslinked
20kDa PEG-4-SH at a thiol-ene ratio of 0.10 exhibit shear-thinning behavior at both a
high (7.45 mM) and low (4.47 mM) concentration of TNCP. (c) Both gel formulations
also display self-healing behavior as shown by viscosity recovery during a peak hold
test.

Unexpectedly, the gels displayed very similar flow profiles as well. This may be
due to similarities in the effects of shear forces on supramolecular TNCP interactions
regardless of their concentration. Additionally, the gels were loaded into a syringe
outfitted with a 22 ga. (0.41 mm inner diameter) extrusion nozzle and examined using a
hanging filament test, Figure IV.7. To enable optimization, we attempted testing with
formulations using varied geINB concentration (3, 4, or 5 w/w%) as well as TNCP
concentration (4.47 mM or 7.45 mM). The 5 w/w% gelatin formulations had the highest

hanging filament length, with both approximately 5 cm before breaking. This indicates a

92



particularly high degree of cohesion within the gel, which is particularly promising for
application in injectable gel delivery. The in situ covalent stabilization of the gel via
thiol-ene crosslinking post-extrusion adds to this promise, as the mechanical stabilization
of the gel would further improve potential for the retention of the gel at the site of

delivery.

3% gelNB 4% gelNB 5% gelNB
4.47 | 7.45 | 447 | 7.45

i T At RS TG

Figure IV.7 Hanging filament testing of varying gel TNCP formulations comparing
gelatin concentration (3, 4, or 5 w/w% gelNB) and low (4.47 mM) or high (7.45 mM)
concentration of TNCP.

93



IV.4  Conclusions

Overall, this work demonstrates that TNCP supramolecular interactions can be
applied in gelatin-based hydrogels and can be used to create supramolecular, extrudable
materials, broadening the range of their potential applicability. The in situ installation of
pendant TNCP groups in a covalently crosslinked geINB gel induced a clear stiffening
effect on the gel network. Additionally, supramolecular ge TNCP gels were formed via
in situ synthesis of TNCP via an IEDDA tetrazine click reaction between gelNB and
mPEG-Tz. These supramolecular gels exhibited shear thinning behavior and recovery
after shear, and also did so with the addition of PEG-4-SH and LAP in solution. These
added components enabled the photocontrolled covalent stabilization of the gel, and in
the future may be useful for ‘setting’ the gel after its injection or after extrusion
bioprinting. Future studies will examine the cytocompatibility of this material and the
viability of gel-encapsulated and extruded cells. Additionally, future investigations may
further expound upon the broad applicability of TNCP supramolecular interactions in
alternative biopolymer hydrogels, including protein-based materials such as collagen or
even decellularized extracellular matrix along with polysaccharides like alginate and
hyaluronic acid. This method of supramolecular crosslinking shows great promise as a
potential bio-orthogonal mechanism for generating self-healing and extrudable gels for a

wide variety of uses.
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CHAPTER V

CONCLUSIONS

V.1 Summary

In summary, this work presents the discovery of supramolecular interactions
between the cycloaddition products of the tetrazine-norbornene IEDDA click reaction,
TNCP, and the application of these supramolecular interactions in hydrogel scaffolds for
cell culture as well as an extrudable hydrogel platform. The discovery of TNCP
supramolecular interactions challenges the assumption that click crosslinking reactions
can be used interchangeably to synthesize hydrogels with identical properties, despite
otherwise identical compositions. A head-to-head comparison of otherwise identical
PEG hydrogels crosslinked with either radical-mediated thiol-ene click or tetrazine click
showed significant differences in gel stiffness, swelling, and susceptibility to hydrolytic
degradation (Chapter II). Thiol-ene- and tetrazine-crosslinked gels both exhibited high
gel fractions, and NMR confirmed a high degree of norbornene conversion (~100%) in
the thiol-ene gels, which meant the differences in gel properties could not be due to
differences in crosslinking efficiency. Non-covalent gelation by TNCP end-
functionalized 4-arm PEG confirmed the presence of supramolecular interactions
between TNCP, which was also supported by molecular dynamics simulations.

Next, TNCP supramolecular interactions were applied to create PEG-peptide
hydrogel scaffolds for cell culture which exhibit controllable dynamic stiffening via

progressive, in situ installation of pendant TNCP groups in a pre-existing covalent



network (Chapter III). Partially covalently crosslinked networks were formed from 8-
arm, norbornene-functionalized PEG and bis-cysteine enzymatically-labile peptides via
radical-mediated thiol-ene click chemistry. A cell-adhesive cysteine-containing pendant
peptide, CGRGDS, was also incorporated into the network at a concentration of 1 mM.
This left about 50% of the norbornene groups present in the system available for the
installation of pendant TNCP via reaction with a monofunctional methoxy-PEG-
tetrazine. Pendant TNCP demonstrated a concentration-dependent effect on bulk gel
stiffness and in situ installation of pendant TNCP resulted in an approximately 2 kPa
increase in shear storage modulus over the course of 4-6 hours. Furthermore, this
approach demonstrated no negative effect on the viability of encapsulated murine
fibroblasts and the increase in gel stiffness was maintained in culture conditions over the
course of several days.

Finally, supramolecular TNCP interactions were used to physically crosslink a
gelatin-based shear-thinning and extrudable hydrogel (Chapter IV). The similar and
robust effects of pendant TNCP functionalization on the properties of both PEG and
gelatin hydrogels suggests potential for broad applicability in both synthetic and natural
materials. Norbornene-functionalized gelatin was reacted with a monofunctional
methoxy-PEG-tetrazine in situ to yield TNCP-functionalized gelatin, or gel TNCP.
GelTNCP in aqueous solution formed shear-thinning and self-healing hydrogels via
TNCP supramolecular interactions. These properties were conserved when 4-arm PEG-
thiol and photoinitiator LAP were added to the gel to enable UV-mediated covalent

crosslinking post-extrusion. Furthermore, gel TNCP gels exhibited high cohesion and
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stability during extrusion. Taken together, these data indicate that gel TNCP hydrogels
merit further investigation as an injectable carrier for cells and therapeutics.
V.2 Significance and Future Directions

The discovery and application of TNCP supramolecular crosslinking uniquely
enables the in situ, bio-orthogonal synthesis of supramolecular interacting domains in
the presence of cells and sensitive biomolecules, but further work is required to elucidate
the biological impact of the presence of TNCPs and the materials which they create.
First, further studies are needed to confirm whether or not TNCP supramolecular
hydrogels maintain viability of extruded or injected cells. Additionally, the degree of cell
spreading and migration supported by TNCP supramolecular hydrogels is also an
important area of future study. Specifically, future work is required to address whether
dynamic gel stiffening through the in situ installation of pendant TNCP restricts cell
motility in a way comparable to secondary covalent crosslinking.

Because tetrazine and strained cyclic alkenes like norbornene are not found in
nature, there is little concern of cross-reactivity with surrounding biomolecules.
However, future work could investigate whether their presence impacts the retention and
availability of bioactive signaling molecules. Particularly, hydrophobic small molecules
with aromatic structures such as the neurotransmitter dopamine or steroid hormone
estradiol may be preferentially retained in the gel due to pi-pi, electrostatic, or hydrogen
bonding interactions or any combination of the three with the TNCP moiety. If these
interactions exist, they could have interesting but certainly underexplored implications

for gel applications in tissue engineering and regenerative medicine. For instance, there
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is evidence that both dopamine and estradiol can regulate angiogenesis in wound
healing.??* 22! If such supramolecular interactions with biomolecules do exist, they could
also have potential applications in drug delivery.

One of the important questions to be addressed in future studies is whether or not
TNCP supramolecular crosslinking and orthogonal covalent click crosslinking can be
used to create a hydrogel platform with the capacity to selectively tune viscoelasticity.
Seminal work by Mooney et al. introduced an alginate-based ionotropically crosslinked
hydrogel platform with independent tunability of the gel’s elastic modulus and rate of
stress relaxation, a measure of viscoelasticity.”! However, the calcium-mediated
crosslinking may present some confounding biological effects, particularly if one deigns
to modify the level of crosslinking over time. In an investigation of the biomolecular
regulation of cell spreading and morphology in this same alginate platform, the
Chaudhuri group demonstrated that the tonicity of the surrounding environment could
have an impact on cell volume and phenotype, and specifically implicated calcium ion
channel TRPV4 in this process.?*? It follows that although it may be independent of the
stress relaxation response of the material, an effort to tune the material elasticity by
increasing or decreasing the concentration of calcium will have a confounding biological
impact. In contrast, the bioorthogonality of the tetrazine click reaction and the thiol-ene
click reaction, as applied in the dynamic stiffening 3D culture matrix in Chapter I1I,
would avoid these concerns and could allow for modification of the viscoelastic profile

of the hydrogel in situ in the presence of cells.
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Additionally, photomediated thiol-ene click chemistry could not only be used to
spatially pattern matrix elasticity via covalent crosslinking, but could also selectively
react available pendant norbornene groups to spatially control where TNCP
supramolecular interactions will be localized upon addition of monofunctional tetrazine
species. As non-destructive longitudinal mechanical and biological characterization
methods such as Brillouin and Raman spectroscopy and fluorescence lifetime imaging
microscopy (FLIM) improve and become more widely adopted, a bio-orthogonal and
controllable method for spatial and temporal modification of hydrogel viscoelasticity
could be used to recreate complex processes driven by spatial and temporal changes in
matrix viscoelasticity, such as embryonic development.???

Overall, this work introduces new complexities to the understanding of hydrogel
click crosslinking, and leverages that understanding to create novel materials with
exciting potential applications. The future of TNCP supramolecular chemistry offers
fascinating potential roads for investigation by integrating a new level of spatial and
temporal control of hydrogel viscoelasticity. While the biological impacts of this

innovation remain to be discovered, the growing body of work on dynamic hydrogel

crosslinking suggests exciting and impactful things to come.
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