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Design, System, Application

Over the past few decades researchers have made considerable advancements in the development
of hydrogel biomaterial platforms to mimic the complex properties of the body. In particular, click
chemistries have emerged as robust tools to rationally design and optimize tissue-mimetic
hydrogels to investigate how cells integrate mechanical information from their surroundings to
dictate behavior. The simplicity and specificity of click reactions allows for greater user regulation
to introduce tissue-relevant mechanical and biochemical cues in a controlled manner. This review
covers several click reactions that have shown unique utility in the creation of dynamic and cell-
instructive hydrogels, many of which vary in reaction speed, stability or degradability, and
response to external triggers including light, temperature, and pH. Continued development of click
chemistry-based hydrogel models will further improve our understanding of the complex
mechanobiology of pathophysiologic cell behaviors.
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Abstract

The advancement of click-functionalized hydrogels in recent years has coincided with rapid
growth in the fields of mechanobiology, tissue engineering, and regenerative medicine. Click
chemistries represent a group of reactions that possess high reactivity and specificity, are
cytocompatible, and generally proceed under physiologic conditions. Most notably, the high level
of tunability afforded by these reactions enables the design of user-controlled and tissue-
mimicking hydrogels in which the influence of important physical and biochemical cues on normal
and aberrant cellular behaviors can be independently assessed. Several critical tissue properties,
including stiffness, viscoelasticity, and biomolecule presentation, are known to regulate cell
mechanobiology in the context of development, wound repair, and disease. However, many
questions still remain about how the individual and combined effects of these instructive properties
regulate the cellular and molecular mechanisms governing physiologic and pathologic processes.
In this review, we discuss several click chemistries that have been adopted to design dynamic and
instructive hydrogels for mechanobiology investigations. We also chart a path forward for how
click hydrogels can help reveal important insights about complex tissue microenvironments.

1. Introduction

Biomaterials designed to mimic and exploit native tissue signals, such as mechanical and chemical
cues, allow improved understanding of a diverse range of physiologic and pathologic conditions
from development to wound healing and disease processes!?. In particular, biomaterials have
become instrumental in studying how biophysical factors, namely mechanics, influence cell and
tissue function, also known as mechanobiology®>®. Hydrogels are versatile water-swollen
polymeric biomaterials that can be designed to recapitulate key attributes of the native
microenvironment, enabling further understanding of the interplay between cells and their
surrounding extracellular matrix (ECM)’-1°, Many of the key elements that comprise an ideal
hydrogel testbed to study mechanobiology can be found within the click chemistry toolbox. The
utilization of click chemistries has become a powerful approach to easily and rapidly form
hydrogel networks due to their simplicity, high reactivity and reaction specificity, and ability to be
carried out under mild reaction conditions without harsh byproducts!!. From a biomaterials
perspective, click reactions are particularly useful in directing material properties through
incorporation of mechanical and biochemical cues in a highly specific and bioorthogonal manner
(Figure 1). The ability to independently tune network composition by modulating features such as
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crosslinker content/concentration and degree of degradation to control a wide range of cell-
instructive properties (e.g., stiffness, viscoelasticity, ligand presentation) makes click chemistries
specifically advantageous for studying mechanobiology (Table 1). Within the last decade,
significant advances have been made in the design of click-based systems to probe mechanistic
features of cell-matrix interactions and for various tissue engineering applications!%-12-19,
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Figure 1. The click chemistry toolbox enables tuning of tissue-relevant physical (e.g., dimensionality,
degradability, stiffness, viscoelasticity, architectural cues) and chemical (e.g., adhesion, growth factor
presentation) properties to understand mechanobiological cell responses. Many click reactions are
responsive to stimuli such as light, temperature, and pH. This can be exploited to control hydrogel properties
including gelation kinetics, secondary crosslinking, and/or degradation. Application of click-functionalized
hydrogels can help reveal how individual and combined biophysical factors regulate and influence cell
mechanobiology in the context of development, wound healing, and disease processes.
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Click chemistry is particularly useful in the design and synthesis of hydrogels that mimic salient
features of the ECM. The ECM is a highly complex macromolecular network that not only acts as
a support structure for cells, but also contains myriad physical, chemical, and mechanical cues that
are dynamic in nature, including external and cell-mediated forces, growth factors and other
signaling molecules, and changes in tissue architecture and compliance?®?4. Cells sense
mechanical signaling cues provided by the heterogeneous ECM from cell surface receptors (e.g.,
integrins) that facilitate signal transduction between cells and their surroundings in a process
known as mechanotransduction. Integrin-mediated adhesions can initiate conformational changes
within the cell body, leading to translocation of relevant proteins and cytoplasmic molecules and
activation of downstream signaling pathways?>2>-27. The bidirectional relationship between ECM
mechanics and growth factor presentation, also known as dynamic reciprocity, also plays a
significant role in regulating and activating disease-relevant signaling pathways?%2°. For example,
matrix remodeling can result in transforming growth factor-f§ (TGF-) activation from its latent
state and new ECM cytoskeletal and contractile protein expression, which can lead to subsequent
promotion of pro-tumorigenic responses such as cellular migration, invasion, and epithelial-to-
mesenchymal transition (EMT)3%-33. Similarly, platelet-derived growth factor (PDGFR) isoforms
are important in tissue development and homeostasis; overexpression has been linked to fibrosis
and cancer, influencing cell proliferation and migration3+>7.
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More recently, mechanical properties such as stiffness®®#°  topography3*4’-2, and
viscoelasticity’>®! have been highlighted as critical regulators of cell behavior. For example,
during fibrosis, a pathologic scarring process that occurs in most major organs in response to a
range of diseases, events such as exposure to toxins, chronic inflammation, and persistent
infections trigger the activation of ECM-producing myofibroblasts®>-¢4, The contractility of active
stress fiber-containing myofibroblasts directly affects the physical ECM via continuous profibrotic
feed-forward mechanisms driving ECM deposition and dynamic remodeling®-%8. In turn, aberrant
changes in tissue mechanics — declines in tissue viscoelasticity and increases in tissue stiffness via
lysyl oxidase (LOX)-mediated collagen crosslinking, play a key role in the persistence of
mechanotransduction signaling dynamics*!:46:63.69-71 = TImportantly, these extracellular cues
collectively influence and regulate many cell processes such as growth?>60%.72.73 ‘migration’#7°, and
differentiation®%’7.7® during normal and disease processes. The ability to decouple mechanical and
biochemical cues has allowed researchers to investigate cell-matrix interactions in a controlled
manner. As progress continues to be made toward using click chemistry to design biomimetic
systems capable of recapitulating dynamic tissue mechanics, these models will enable more
nuanced investigations of mechanobiology-influenced complex biological phenomena.

In this review, we highlight the promising applications of click-functionalized hydrogels as cell
culture systems for studying mechanobiology. We cover several bioconjugation reactions that have
specifically been used for hydrogel fabrication such as thiol-based chemistries, azide-alkyne
cycloadditions, Diels-Alder, inverse electron demand Diels-Alder, oxime, hydrazone, and bio-
orthogonal platforms combining multiple click reactions. We also discuss the influence of physical
(e.g., topography, dimensionality), mechanical (e.g., stiffness, degradability, viscoelasticity), and
chemical (e.g., adhesive sites, growth factor presentation) properties on cell mechanobiology, as
well as provide commentary on future directions of click-based biomaterial cell culture models.
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Table 1. Summary of click chemistries covered in this review.

2. Copper-catalyzed azide-alkyne cycloaddition (CuAAC)

Copper(I)-catalyzed azide-alkyne (CuAAC) reactions were published in 2002 by Meldal and
Sharpless, who defined the term “click” chemistry the previous year, making it one of the first
categorized click reactions®>?°, The CuAAC reaction is able to proceed in aqueous solutions and
at physiologic temperatures, has fast kinetics, high yield, and is bioorthogonal®!. The reaction itself
involves reacting a terminal alkyne with an organic azide, creating a triazole ring, similar to
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uncatalyzed Huisgen cycloadditions (Scheme 1). This catalyzed version, however, proceeds much
faster and with greater efficiency than the uncatalyzed cycloaddition.

N
N/ \N/Rz

Scheme 1. Mechanism for copper(I)-catalyzed azide-alkyne cycloaddition.

Ossipov et al. published the first use of CuAAC to create azide and alkyne functionalized
poly(vinyl alcohol) (PVA) hydrogels®?. These hydrogels could reach stiffnesses (elastic moduli)
from ~ 2-20 kPa depending on the density of the crosslinker and reactive groups available. Other
researchers have reported using CuAAC to make hydrogels from other commonly used polymers
in the biomaterials field, such as poly(ethylene glycol) (PEG)?? and hyaluronic acid (HA)%*. This
mechanism yields quick gelation times, from 2-30 min, depending on the concentrations of the
catalyst and polymer, as well as temperature®>.

CuAAC reactions, although fast and efficient, are limited in many biological applications due to
the presence of copper ions as well as reactive oxygen species formed by the copper ions, which
may be toxic to cells and destroy proteins, polysaccharides, and nucleic acids®. For many in situ
cell cultures or in vivo analyses, click chemistries that do not require a metal catalyst are more
favorable. For more extensive reviews on CuUAAC chemistries, including its history and in-depth
descriptions of the mechanism, the reader is referred to the following discussions®’~192, Another
disadvantage of the CuA AC mechanism is that the addition of Cu(I) salt or the reduction of Cu(II)
to the Cu(I) catalyst typically provides little to no spatiotemporal control over the reaction, which
is often important in tissue engineering and cell culture applications. However, efforts to reduce
Cu(Il) to the Cu(l) catalyst using photochemical techniques (pCuAAC) resulted in better
spatiotemporal control in the crosslinking of alkyne- and azide-functionalized PEG hydrogels.
Following initial hydrogel formation through using thiol-yne chemistry, fluorescent patterns could
be created in the hydrogel using photomasks where the pCuAAC reaction occurred in the regions
exposed to light!%3,

New efforts in designing degradable hydrogels for controlled drug delivery make use of the
CuAAC reaction to enable enzymatic!'* or light-mediated hydrogel degradation. For example,
Azagarsamy et al. reacted visible light degradable azide-functionalized coumarin onto an alkyne-
functionalized PEG backbone using the copper catalyzed cycloaddition. The authors reported that
higher copper concentration resulted in faster gelation, but with lower shear elastic moduli likely
caused by heterogeneous network formation. While this report highlights the ability to engineer
user-controlled photodegradable hydrogels, for cytocompatible platforms the authors suggest
copper-free click mechanisms'%.

CuAAC hydrogels for cell culture

While the CuAAC mechanism often involves using cytotoxic amounts of copper catalysts,
researchers have still been able to study cellular responses on hydrogels developed with this
chemistry as long as cells were incorporated after hydrogel formation!%107, Liu et al. demonstrated
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that fibroblasts could attach and proliferate over a period of 7 days when seeded onto tetraacetylene
PEG hydrogels functionalized with RGD-containing diazide and formed by the CuAAC
mechanism?®. To better mimic the native ECM, Hu et al. developed a hydrogel system consisting
of azide-functionalized HA and chondroitin sulfate that underwent crosslinking with alkyne-
functionalized gelatin!®®. Following 7 days of culture, they found no significant difference in
chondrocyte cell viability on the CuAAC crosslinked hydrogel versus standard TCPS, indicating
that their system supported cell adhesion and viability. To introduce hydrazone interactions, Lou
et al. functionalized azide-modified hydrazines onto HA using CuAAC®'. They subsequently
developed interpenetrating networks (IPNs) to create a two-step stress relaxing network that
mimicked properties of the native ECM; more details can be found in Section 6 on hydrazone-
based hydrogels.

In another study, Seelbach et al. used CuAAC to decorate propargylamine-derived hyaluronic acid
with either a dendrimer containing an RGDS peptide and one azide, or a thermoresponsive poly(N-
isopropylacrylamide) with a terminal azide group!®. This enabled creation of an injectable,
thermoresponsive hyaluronic acid hydrogel with controlled presentation of bioactive features. The
authors encapsulated bone marrow-derived human mesenchymal stromal cells (hMSCs) by
suspending them in the combined polymer solution and forming hydrogel beads following
exposure to warm (37°C) culture media. Cell viability was maintained over a 21 day culture period;
however, because this hydrogel did not incorporate degradability — for example, with a matrix
metalloproteinase (MMP)-sensitive peptide — the cells did not show significant spreading and
maintained spherical morphologies.

Gradient and photopatterned CuAAC hydrogels

Since the reporting of spatiotemporal control of CuAAC using photopatterning, researchers have
used this to their advantage to create tailored hydrogels. Chen ef al. engineered a micropatterned
hydrogel consisting of alkyne-functionalized PEG and azide-functionalized bromine plasma
polymer using photochemical Cu(II) reduction to Cu(I) to yield the azide-alkyne cycloaddition!!?.
The photoinitiator radicals also led to the radical crosslinking of PEG, so using a photomask, the
authors could spatially control hydrogel properties with regions of either the PEG hydrogel
(patterned) or an azide-functionalized plasma polymer (unpatterned). The authors demonstrated
the spatial control of mouse fibroblast attachment on the patterned regions of PEG compared to
unpatterned samples.

The controlled presentation of biomolecules using CuAAC has also been explored, predominantly
by Becker and colleagues. After developing a method for conjugating azide-functionalized
peptides, like RGD, that could undergo CuAAC onto an alkyne gradient containing a self-
assembled monolayer (SAM), Gallant et al. reported that increasing RGD concentration led to
more smooth muscle cell adherence on their gradient system!!!. The conjugation of azide-
functionalized RGD was also used to show increased attachment of rabbit corneal epithelial cells
onto  self-assembled  poly(2-methyl-2-carboxytrimethylene  carbonate-co-D, L-lactide)
nanoparticles'!?. An alternative method of conjugating RGD to SAMs was used to investigate
hMSC adhesion and focal adhesion formation, which increased with increasing RGD'!3. This same
method was also applied to the conjugation of azide-functionalized osteogenic growth peptide
(OGP) to an alkyne gradient to probe preosteoblast adhesion and proliferation. Cell adhesion
increased with decreasing OGP concentration over the course of 3 days!!“.
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Following the discovery of the first known click chemistry - the CuAAC reaction - advancements
in click-based systems rapidly developed. While the CuAAC reaction is amenable to quick
crosslinking in aqueous solutions at physiologic conditions, the need for a copper catalyst proved
to be cytotoxic for many cell experiments within the biomaterials field. The authors found no
reports of CuUAAC in the context of mammalian cell encapsulation and only one publication
describing the proliferation of encapsulated yeast cells within CuAAC-crosslinked HA%. In this
study, Crescenzi et al. reported 80% cell proliferation 24 hours after encapsulation within these
hydrogels, which they formed in situ within a few minutes. Although this provides some
preliminary evidence to support the use of CuAAC-based systems for tissue engineering
applications, the lack of published studies is likely due to the toxicity of the copper ions
generated®*. While more cytocompatible catalysts are in development for use with this rapid
crosslinking mechanism, the authors found no report of these different catalysts to create hydrogels
for tissue engineering applications!!>. At this time, copper-free click reactions provide more
cytocompatible platforms for investigating cell behaviors, including mechanobiology. Although
CuAAC is not commonly used in biomaterial design for cell culture, this discovery was crucial to
the advancement of more popular click chemistries used today, such as strain-promoted azide-
alkyne cycloaddition (SPAAC) or thiol-ene click reactions.

3. Strain-promoted azide-alkyne cycloaddition (SPAAC)

Strain-promoted azide-alkyne cycloaddition (SPAAC) reactions were developed in the early 2000s
by Bertozzi and coworkers to address cytotoxicity concerns associated with traditional copper-
catalyzed click reactions!'®. SPAAC is bioorthogonal, can occur efficiently under physiologically-
relevant conditions without additional reagents (e.g., catalysts, initiators), and results in products
with high stability!!7-!"°, Compared to previous copper-based reactions, SPAAC has more
favorable gelation kinetics (second order rate constant, k ~ 0.1 M-'s™") in aqueous conditions,
permitting efficient cell encapsulation without significantly impacting cell viability!!7-120.121,
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Scheme 2. Strain-promoted azide alkyne cycloaddition (SPAAC). (A) Dibenzylcyclooctyne (DBCO) reacts
with a simple aliphatic azide to form the triazole product without the presence of a catalyst or initiator. (B)
SPAAC products of common cycloalkynes (listed from most to least reactive), bicyclononyne (BCN),
dibenzocyclooctyne (DBCO), and difluorinated cyclooctyne (DIFO), with an azide.

In general, SPAAC proceeds as a (3 + 2) dipolar cycloaddition of a strained cycloalkyne with an
organic azide, generating a triazole®%!!7. The reaction is fast and spontaneous due to the release of
the strained ring into a fused ring system, as shown in Scheme 2A. Similar to other click
chemistries, the balance between reactivity and stability can be influenced by the reactant. Studies
have mainly focused on altering the cycloalkyne ring structure to increase reactivity, which can be
beneficial for rapid 3D cell encapsulation.

Commonly used cycloalkynes used for hydrogel fabrication include difluorinated cyclooctyne
(DIFO)'?2123_ dibenzocyclooctyne (DBCO or DIBO)!3124-127 and bicyclononyne (BCN)!3-128-130,
The order of reactant reactivity, BCN > DBCO > DIFO, can be explained by the increasing ring
strain imposed onto the carbon atoms (Scheme 2B). Specifically, increased sp>-hybridized carbons
in the cyclooctyne results in increasing ring strain and reactivity®®!!7. Introduction of electron-
withdrawing substituents such as fluorine on DIFO can lead to enhanced reactivity. DBCO falls
within the class of (di)benzoannulated cyclooctynes, which impart increased reactivity compared
to electron-withdrawing groups — the introduction of two adjacent benzene rings increases ring
strain and ultimately, reactivity. For BCN, the fusion of cyclooctyne to cyclopropane produces a
reactive bicyclo[6.1.0]non-4-yne that outweighs benzoannulated structures'3!. However, a
significant limitation to SPAAC is that cyclooctyne synthesis involves several steps (many
cyclooctyne derivative syntheses contain around 10 steps) with low overall yield, hindering scale-
up. Fortunately, synthesis of BCN and DBCO is relatively simple, requiring only 4-5 steps.
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Compared to the growing body of literature surrounding the development of various cycloalkynes,
modifications to the azide reactant have not been studied as extensively®%132.133, The majority of
azides that participate in SPAAC reactions for hydrogel synthesis are simple aliphatic azides.

Depending on the reactive functional groups and application, polymerization can take anywhere
from 90 seconds to an hour under physiologic conditions. Varying the relative macromer
concentrations and degree of functionalization can produce hydrogels with variable stiffness,
viscoelasticity, degradation modes, and ligand presentation'34133, For example, early SPAAC work
by Anseth and co-workers utilized difluorinated cyclooctyne (DIFO3) and azide moieties to
quickly form 3D hydrogels within 5 minutes'?>!23, Material degradability can be tuned with pH,
where slightly more basic conditions correlate with faster hydrolysis, presenting a promising
approach for tissue engineering applications that require quick degradation and material
clearance'%. Increased stability and secondary incorporation of biomolecules can also be achieved
by employing orthogonal click chemistries such as photopolymerizable thiol-ene addition,
enabling researchers to independently study how variables such as mechanics and ligand
presentation affect cell behavior over longer culture periods!?3-135137,

SPAAC has also been used to tether both adhesive ligands and growth factors to promote
migration!??, stem cell lineage specification'3®13% and cell release!*?. Arakawa et al. demonstrated
rapid hydrogel formation using PEG-tetraBCN and a di-azide crosslinker decorated with an
adhesive RGD sequence, MMP-degradable sequence, and an ortho-nitrobenzyl (oNB) group'°.
Hydrogels formed through SPAAC were stable and supported both customizable microvessel
generation and long-term viability of encapsulated human umbilical vein endothelial cells
(HUVECS). High-resolution spatiotemporal control over vessel formation allowed for a wide
range of tunable physical properties such as geometry, thickness, and flow, critical for studying
blood vessel function and hemodynamics. Using a similar approach, Shadish ef al. demonstrated
the ability to spatiotemporally immobilize proteins via BCN-azide SPAAC chemistry as well as
trigger protein photocleavage with potential applications in directing dynamic cellular
behaviors!?°. HeLa cells encapsulated within SPAAC hydrogels were subjected to patterned violet
light (A = 400 nm), releasing tethered epidermal growth factor (EGF) from specific regions. Over
two weeks, presentation of retained EGF promoted increased cell density and spheroid growth
compared to regions without immobilized EGF, highlighting the ability to tether and release
bioactive molecules in a spatiotemporal manner to guide cell fate.

Thermoresponsive SPAAC hydrogels

Thermally-responsive hydrogels have also been developed using SPAAC chemistry. Truong et al.
fabricated chitosan-based hydrogels that were stable at physiologically-relevant conditions'4!.
Gelation of azide-functionalized chitosan and propiolic acid ester-functionalized PEG crosslinker
occurred within 15 minutes at 37°C. Increasing polymer concentrations and greater alkyne-azide
ratios resulted in faster gelation times (from 55 minutes to 4 minutes) and increased stiffness (up
to storage modulus, G’ ~ 44 kPa). MSCs seeded atop hydrogels for seven days exhibited
fibroblastic morphologies typically seen on tissue culture polystyrene, with defined F-actin
filaments and vinculin staining, important for adhesion and spreading. In contrast, cell spreading
was more restricted in 3D cultures and cells remained rounded.

Page 10 of 61
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To promote tissue-specific repair, Guo et al. formed thermoresponsive poly(N-
isopropylacrylamide-co-glycidyl methacrylate) (P(NiPAAM-co-GMA)) hydrogels capable of
biomolecule conjugation via SPAAC!#2. The alkyne-containing PEG crosslinker was modified
with azide-modified biomolecules designed to promote either chondrogenesis, such as chondroitin
sulfate and N-cadherin-mimicking peptide, or osteogenesis, including bone marrow homing
peptide 1 and glycine-histidine-lysine. Advantageously, SPAAC-based conjugation of cartilage-
and bone-specific biomolecules to the crosslinker occurred through simple mixing at room
temperature in water, and presentation of biochemical cues was varied by changing the crosslinker
concentration. MSCs encapsulated within cartilage-promoting hydrogels led to cartilage-like
matrix synthesis (sulfated glycosaminoglycans) and maintained viability over a month. In contrast,
MSCs exposed to bone-specific molecules promoted osteogenesis through expression of
osteogenic markers Runt-related transcription factor 2 (RUNX?2) and osteopontin.

Viscoelastic SPAAC hydrogels

There is tremendous interest in generating hydrogels that recapitulate the viscoelastic stress
relaxing nature of tissues. One method to tune viscoelastic properties is through secondary physical
interactions introduced via dibenzylcyclooctyne (DBCO) groups. By varying the ratio of covalent
DBCO-azide interactions, physical DBCO-DBCO interactions (i.e., hydrophobic and hydrogen
bonding interactions), and degradable macromer (i.e., incorporation of a labile ester linkage in
PEG-azide), Tan et al. was able to match cartilage stiffness, viscoelasticity, and degradability,
respectively!?’. Hydrogels formed with an excess of PEG-DBCO exhibited increased stiffness and
decreased swelling compared to hydrogels formed with an excess of PEG-azide due to the physical
DBCO-DBCO interactions. The increase in non-covalent interactions resulted in faster stress
relaxation (stress relaxation time t;, of ~ 132 min compared to 291-320 min). Stiffer and more
viscoelastic hydrogels supported increased chondrocyte proliferation and deposition of type II
collagen and glycosaminoglycans, both of which are chondrogenic markers. Degradation also
played a key role in maintaining the chondrocyte phenotype; chondrocytes encapsulated in faster-
degrading groups showed greater proliferation and more robust deposition of type II collagen.

Combining boronate ester and SPAAC chemistries, Tang et al. further demonstrated the
importance of stress relaxation timescales on cell-matrix interactions!?’. Viscoelasticity was
introduced via boronate ester bonds and hydrogels were stabilized through SPAAC chemistry
between DBCO and azide groups (Figure 2A,B), with all hydrogel groups experiencing stress
relaxation times of one second or less. In comparison to the previous viscoelastic hydrogel system,
this study targeted relaxation timescales to match those of biological processes (e.g., propagation
of mechanical signals from the cytoplasm to the nucleus). In comparison to elastic hydrogels,
encapsulated hMSCs in stress relaxing substrates displayed increased spreading, larger cell and
nuclear volume, and increased nuclear localization of the transcriptional mechanoregulators
YAP/TAZ, extending the ability to easily tune complex mechanics to study cell morphology
(Figure 2C-G).
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Figure 2. SPAAC chemistry can be used in combination with secondary crosslinking mechanisms to create
dynamic and complex hydrogel networks useful for studying mechanotransduction. (A) A hybrid network
containing reversible boronate ester bonds and permanent SPAAC interactions allowed for the fabrication
of a stable hydrogel with stress relaxing properties. (B) Frequency sweep of a swollen hydrogel after 7 days
(shown in inset photograph, scale bar = 1 cm) demonstrated viscoelasticity and mechanical stability. (C)
Cells in viscoelastic (stress relaxing) hydrogels displayed increased cell spread area after 7 days. (D)
Immunofluorescent staining for YAP/TAZ (magenta), F-actin (orange), and nuclei (blue) in hMSCs
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encapsulated for 7 days. Scale bar = 5 um. (E-G) Quantification of cell volume, nuclear volume, and nuclear
localization of YAP/TAZ showed significant increases in all categories for cells in viscoelastic hydrogels.
(A-G) adapted with permission from!?’. Copyright 2018 Wiley-VCH. (H) Initially formed SPAAC
hydrogels can undergo photostiffening in the presence of excess DBCO groups. (I) Average storage moduli,
G’, of the compliant (G’ ~ 1 kPa) and stiff (G’ ~ 12 kPa) hydrogel groups, » = 3 hydrogels. (J)
Immunofluorescent staining for lamin A (green), F-actin (yellow), and nuclei (blue) in hMSCs 24 and 72
hours after stiffening. (K) Quantification of lamin A intensity and cell areas show gradual increases between
0 and 120 hours after stiffening. (L) Representative hMSCs stained for RUNX2 (purple) and histone
acetylation, AcK (red) 24 and 72 hours after stiffening. (M) Quantification of histone acetylation and
RUNX2 nuclear localization shows increased levels in hMSCs post-stiffening. (H-M) adapted with
permission from'#. Copyright 2020 National Academy of Sciences.

Dual-crosslinking SPAAC hydrogel systems

Several groups have combined orthogonal click chemistries to achieve spatiotemporally tunable
mechanics. After synthesizing initially compliant hydrogels (G’ ~ 700 Pa) via a SPAAC reaction
between DBCO and azide groups, Brown et al. then further stiffened the network through
secondary photopolymerization of excess DBCO groups (G’ ~ 5 kPa)!?6. The on-demand stiffening
capabilities of this system enabled a rapid and stable increase in stiffness of hydrogels to between
200-700% of their initial values (given an alkyne:azide ratio of 2-3:1), relevant to changes in
stiffness related to muscle disease. Indeed, C2C12 myoblasts encapsulated in initially compliant
networks (G’ ~ 700 Pa) showed decreased cell spreading and lower nuclear localization of YAP
after immediate photostiffening (G’ ~ 5 kPa). In contrast, encapsulated myoblasts that underwent
photostiffening after seven days were able to spread prior to the delayed stiffening and
interestingly, exhibited an overall increase in cell elongation and YAP nuclear localization by day
15. The dual crosslinking modes provide a high level of control over mechanics to recapitulate
dynamic disease processes.

One emerging application of tunable hydrogel systems is the ability to study how mechanical cues
directly influence cell epigenetic programming and gene expression. Similar to the previous study,
Killaars et al. formed a PEG-based hydrogel through DBCO-azide interactions that could undergo
a secondary photocrosslinking step to enable in situ stiffening of excess DBCO groups (Figure
2H,I)'®. The dynamic nature of this hydrogel platform enables direct analysis of how evolving
mechanics can affect epigenetic remodeling as a function of time. hMSCs were seeded atop
initially compliant hydrogels (G’ = 1 kPa) that were stiffened (G” = 12 kPa) after one day and
analyzed at several timepoints after stiffening (0, 1, 3, 24, 72, and 120 hours). While nuclear
localization of YAP occurred within 24 hours, F-actin stress fiber organization was only evident
after 72 hours, suggesting that sustained cytoskeletal tension occurs after nuclear localization of
mechanosensitive transcriptional co-activators (Figure 2J,K). The timescale of Lamin A intensity,
which plays a role in force transmission via the LINC complex, correlated with F-actin stress fiber
formation. Interestingly, in situ stiffening resulted in increased histone acetylation and RUNX2
nuclear localization within the same 72-hour timeframe, suggesting its connection to nuclear
tension (Figure 2L,M). Additionally, increased nuclear tension, caused by stiffening, led to
decreased activity of epigenetic modulators histone deacetylases (HDAC)I, 2, and 3 as well as
reduced osteogenic fate.

Photochemistry can also be used to introduce biomolecular regulators of cell fate with
spatiotemporal control. DeForest et al. designed a 3D hydrogel system where initial cell
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encapsulation occurred via SPAAC between azide-functionalized PEG and bis(DIFO3)-
functionalized crosslinker and secondary thiol-ene addition enabled biomolecule patterning!?3.
The crosslinker contained a photoreactive alkene group and an MMP-cleavable sequence to allow
independent control over chemical and mechanical properties, respectively. Specifically, the
photoreactive alkene participates in thiol-ene addition to introduce biomolecule patterning and the
enzymatically degradable sequence allows cell-mediated remodeling. Fibroblast morphology was
assessed in hydrogels with photopatterned regions of thiol-functionalized RGD, and cells
encapsulated within the patterned regions displayed greater spreading and elongation compared to
those within unpatterned regions, showing the robust capability of the 3D platform to promote and
study specific cellular outcomes.

SPAAC for tissue engineering

SPAAC has also been used in the design of tunable tissue engineering models. Han et al. developed
an HA-based injectable scaffold for chondrocyte encapsulation!?*, HA was modified with DBCO-
PEG groups via a one-step 1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) coupling reaction and mixed with PEG-azide crosslinker to form
hydrogels. Varying the crosslinker concentration impacted properties such as stiffness, gelation
kinetics, and hydrogel microstructure — to a certain extent, increasing crosslinker concentration
correlated with increasing stiffness and decreasing pore size. Chondrocytes encapsulated within
the HA hydrogels were found to be uniformly distributed and remain rounded over the 5-day
culture period, with observed cell aggregation within stiffer hydrogel groups. Injection of cell-
laden hydrogels into mice resulted in regeneration of cartilaginous tissue. Specifically, lower
stiffness hydrogels led to host cells migrating into the degraded hydrogels, while intermediate
stiffness groups exhibited increased neocartilage formation in vivo. Wang et al. used
azadibenzocyclooctyne-azide SPAAC chemistry to prepare injectable dextran-based hydrogels
with varying stiffness (G” ~ 2-6 kPa through increasing polymer concentration and/or polymer
modification) and gelation time (as quick as 1.1 min with increasing polymer modification)!44,
Using a higher polymer concentration (10%) to support cell encapsulation, chondrocytes exhibited
high viability and increasing DNA content over the 3-week culture period. In contrast, DNA
content of chondrocyte spheroids showed a more stable output, correlating with slower
proliferation. Interestingly, normalized ECM production (glycosaminoglycans and collagen) by
chondrocyte spheroids was significantly higher. These results prove promising for cartilage tissue
engineering.

The incorporation of a photoreactive nitrobenzyl moiety within the azide-functionalized
crosslinker allows for UV-mediated degradation after initial SPAAC hydrogel fabrication.
McKinnon et al. used a dual reaction scheme to fabricate neural networks for studying axon
behavior in neuromuscular junctions after injury'#. Design and formation of hydrogel channels to
promote motor neuron axon extension revealed that the speed and extent of outgrowth was
independent of channel width. Co-encapsulation of neuron embryoid bodies and C2C12 myotubes
within the hydrogel network facilitated significant branching and axon-myotube interactions,
indicated by acetylcholine receptor staining for neuromuscular junctions.

Elastin-like proteins (ELPs) are highly modular and can be designed with elastin-like (i.e.,
VPGXG, where the non-proline X residue can be used to incorporate chemical functionalities) and
bioactive (e.g., adhesion, degradation) domains to regulate cellular behaviors'?®. Madl et al.
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demonstrated functionalization of ELP lysine residues with either azide or BCN groups to permit
SPAAC chemistry. Upon mixing, hydrogel formation occurs within seconds and completes within
minutes. Stiffness could be increased by either increasing ELP concentration or the molar ratio of
BCN to ELP polymer to yield biologically relevant tissue mechanics (storage modulus, G’ ~ 180-
1200 Pa). Encapsulation of multiple cell types within RGD-containing SPAAC hydrogels resulted
in high viability and maintenance of cell phenotypes; hMSCs displayed actin stress fibers and
spread morphologies after two days, HUVECs organized into tubular networks and stained
positive for endothelial marker CD31 after one week, and murine neural progenitor cells expressed
nestin (neural progenitor marker) and were able to differentiate into neurons and astrocytes
following the one week growth period!'?®146, Independent tuning of adhesive sites revealed a
correlation between increasing adhesive RGD presentation with hMSC spreading and stress fiber
formation to a certain stiffness, agreeing with previous studies!#’.

In summary, SPAAC gained momentum as a catalyst-free alternative to CuAAC and has been
widely adopted to synthesize hydrogels due to its favorable reaction rate and ability to be combined
with other chemistries to produce dual-crosslinked networks. Many of the common cycloalkynes
used in SPAAC reactions, including DBCO, support favorable gelation times but more arduous
and inefficient syntheses. Fortunately, recent developments in the design of cycloalkynes with
increasing strains, such as BCN and DBCO, have led to more rapid gelation times as well as
decreased number of synthesis steps and increased overall yield. The utility of the SPAAC reaction
extends beyond rapid cell encapsulation and can be demonstrated by its tunability and
bioorthogonality. The introduction of secondary crosslinking mechanisms, whether it be between
excess cycloalkynes or a reaction mediated by photochemistry, provides endless opportunities to
investigate the influence of individual and combined mechanical and biochemical cues on cell
behavior and fate. Disease-relevant changes in ECM stiffness, viscoelasticity, degradation, and
ligand presentation can all be incorporated within SPAAC hydrogel systems by tuning polymer
concentration, ratio of physical interactions, addition of photodegradable groups, and introduction
of pendant adhesive cues or growth factors, respectively. In particular, SPAAC has and will
continue to be an attractive method to study cell mechanobiology in 3D cultures.

4. Diels-Alder (DA)

The Diels-Alder (DA) reaction is a highly efficient and stereoselective [4 + 2] cycloaddition of a
diene and dienophile that can proceed without the use of a catalyst and does not yield any
byproducts (Scheme 3A)!48, There are several variations of the traditional electron-demand DA
reaction, including intramolecular reactions in which the diene and dienophile are on the same
molecule!'4”150 hetero-DA reactions containing at least one heteroatom (commonly nitrogen or
oxygen)>1152 and inverse electron demand DA reactions (Section 5). Compared to other
functional moieties such as thiols, dienes and dienophiles are less reactive and more stable!48153,
DA reaction kinetics can be accelerated via electron-rich dienes (e.g., alkyls, amines, hydroxyls)
and electron-poor dienophiles (e.g., carboxyls, carbonyls, ketones)!'43. Gelation rates are improved
in aqueous conditions due to increasing hydrophobicity within the reaction center of the diene and
hydrophobic interactions from chosen diene-dienophile substituents, making DA cycloadditions
particularly useful for creating cytocompatible hydrogels8!-134153,
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Scheme 3. (A) Conventional electron-demand Diels-Alder (DA) cycloaddition of an electron-rich diene
with an electron donating group (EDG) and an electron-poor dienophile bearing an electron withdrawing
group (EWGQG). (B) DA reaction between a furan (EDG) and maleimide (EWG) group.

DA reactions are temperature-sensitive and exhibit increased reversibility (via a retro-Diels-Alder
reaction) at elevated temperatures (> 100°C). By varying diene and dienophile groups, the thermal
equilibrium can be shifted to physiologic conditions, which has facilitated the use of DA hydrogels
as tunable biomaterial systems for drug delivery and other applications!3¢160, Several studies have
investigated this temperature dependency and have shown variability based on parameters such as
chosen diene/dienophile substituent, concentration of diene/dienophile groups, and molecular
weight!61-163,

Among the growing number of suitable diene-dienophile pairs, furan and maleimide have become
the most established for hydrogel fabrication, predominantly for their rapid reaction rate at
physiologic temperatures (Scheme 3B). Biomimetic hydrogels synthesized by aqueous DA
reaction of furan and maleimide groups were initially reported by Wei et al., demonstrating high
stability under mild reaction conditions!®*. Hydrogel formation was shown to be temperature and
solvent-dependent, where gelation occurred more rapidly in water (50 min at 37°C and 10 min at
77°C) compared to N,N-dimethylformamide (DMF) over the entire range of studied temperatures.
Additionally, Gregoritza et al. incorporated various hydrophobic spacers between the polymer
backbone and functional groups to enable quicker DA crosslinking!'®. Hydrogels with longer
hydrophobic spacers displayed faster gelation, increased crosslinking density and stability, and
delayed antibody release profiles. Furan-maleimide DA hydrogels have since been used
extensively for tissue engineering and cell culture studies!418:166-171,

Due to its thermally-induced reversibility, DA click chemistry has been used for the development
of self-healing, injectable hydrogels. Yu et al. studied the shear thinning and self-healing
properties of DA-based HA/PEG hydrogels in response to 10-30 cycles of applied stress and
demonstrated their ability to easily recover with minimal fatigue. Fan et al. successfully fabricated
biodegradable HA hydrogels with the ability to release dexamethasone, a corticosteroid that
induces cell differentiation, in a sustained manner via temperature control!’?. The high tunability
afforded by furan-maleimide HA hydrogels, including stiffness through varying polymer
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concentration and degree of furan modification on HA, porosity via cryogelation, and pore size
distribution by tuning thaw temperature, was demonstrated by Owen et al.'®’. Additionally, 3D
two-photon photopatterning was used to enable spatiotemporal control of protein immobilization
within the substrate as well, providing a versatile platform for guiding cell fate'®’. By combining
thermoresponsive poloxamines modified with DA-friendly maleimide and furyl moieties, rapid
hydrogel formation could be induced at 37°C with controlled stability and triphasic antibody
release between 14 and 329 days!”?. Hydrogel stiffness was tuned by varying the ratio of different
armed polymer (e.g., 4-arm and 8-arm poloxamine). Hydrogel swelling and degradation both
correlated with stiffness — hydrogels with increased ratio of 8-arm to 4-arm polymer were stiffer
and exhibited decreased swelling (quantified by mass) and dissolution in phosphate buffer (pH
7.4) at 37°C.

By encapsulating model proteins within DA hydrogels, Tan et al. successfully controlled drug or
protein release by taking advantage of the protein charges!%®. Maleimide- and furan-functionalized
HA were synthesized via oxidation by sodium periodate and EDC/NHS activation with furan-
PEG-NH,, respectively. Rheological characterization confirmed complete gelation in under an
hour, and demonstrated the temperature- and time-dependencies of hydrogel mechanics and
swelling behaviors. Negatively-charged insulin and positively-charged lysozyme were
encapsulated to enable sustained release. Positively-charged lysozyme demonstrated a slower
release profile, perhaps due to electrostatic interactions with negatively-charged HA, compared to
the greater burst release profile shown with negatively-charged insulin. Similarly, Koehler ef al.
successfully applied DA chemistry to control the release of dexamethasone toward hMSC
osteogenic differentiation!’*. After forming the initial network via Michael addition between thiol
and maleimide groups, furan-modified dexamethasone was covalently tethered into the hydrogels.
By exploiting the dynamic equilibrium between DA products and reactants, sustained release of
the tethered dexamethasone was achieved in a precise manner. Robust hMSC osteogenic
differentiation was observed over 14 days as shown via intense alkaline phosphatase staining and
mineral deposition.

The reversible nature of DA reactions lends itself to applications requiring degradability, often a
desirable feature in biomaterials. In particular, maleimide-based hydrogels fabricated using step-
growth polymerization will readily degrade via retro-DA reactions near physiologic
temperatures!”>. While gelation is favored at 37°C, a small number of reactants are still likely
present, which can react to form a DA pair or hydrolyze into maleamic derivatives that will not
participate in DA reactions. Over time, this can shift the dynamic equilibrium until the DA reaction
is reversed!62176, By varying the polymer molecular weight and branching factors, the degradation
rate can be tuned for specific tissue engineering applications. This feature has been used to develop
DA-based hydrogel carriers for temporal protein or drug release!’’184. Several hydrogel systems
have combined DA crosslinking with secondary (physical) interactions to create hydrogels with
increased toughness, viscoelasticity, self-healing properties, and responsiveness to external
stimulants!6%-185-190 Recent studies have also begun to explore other DA-amenable moieties such
as furyl!>16217L191 and fulvene!>*19 groups as dienes as well as dichloromaleic'>® groups as
dienophiles that exhibit decreased degradability. Additional details on Diels-Alder chemistry can
be found in the following reviews!48:193-195,
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DA hydrogels for 2D and 3D cell cultures

Recently, the ability to control relevant features such as substrate stability, mechanics, and ligand
presentation have enabled investigations of DA hydrogel properties on cell behavior. Shoichet and
co-workers expanded upon initial reports developing DA-based polymers and introduced a host of
furan-maleimide DA hydrogels for soft tissue engineering and regenerative medicine applications.
A simple, one-step reaction using 4-(4,6-di-methyoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
(DMTMM), an efficient activator of polysaccharide carboxyl groups in aqueous conditions,
allowed furfurylamine coupling to HA carboxylates at a higher yield compared to other methods
such as carbodiimide chemistry!'®196. The addition of bis-maleimide PEG crosslinker enabled DA
hydrogel fabrication over a range of soft tissue mechanics (storage modulus, G’ ~ 100-1000 Pa).
Stiffness was manipulated by varying crosslinker concentration (i.e., furan/maleimide ratio) and
degradation was monitored with respect to crosslinker amount; it was noted that varying other
properties such as macromer molecular weight could also be used to tune stiffness and degradation.
Human epithelial cells seeded atop compliant HA hydrogels attached after 24 hours and spread
throughout the two-week culture period.

Although hydrogels requiring a more acidic environment (pH 5.5) for gelation are suitable for 2D
cell culture, encapsulation of cells within a 3D environment requires stable hydrogel formation
under physiologic conditions. To utilize DA click chemistry for 3D cultures, reaction kinetics can
be accelerated by modifying the electronic properties of reaction pair substituents. Smith et al.
functionalized the HA backbone with methylfuran groups, resulting in more rapid gelation
(average gelation of 12 min compared to 32 min with furan-functionalized HA) without affecting
bulk mechanics!’6. The ability to rapidly form hydrogels at physiologically-relevant pH was next
demonstrated with multiple cancer cell lines, which exhibited high cell viability over the 7-day
culture period as well as characteristic spheroid morphology for the MCF7 breast cancer cell line.
Another approach to improve gelation kinetics for cell encapsulation replaced the commonly used
furan diene with a more electron-rich group, fulvene!®?. Furan-, methylfuran-, fulvene-, and
maleimide-functionalized PEG were synthesized via standard amide coupling chemistries.
Compared to furan and methylfuran, gelation kinetics for fulvene-maleimide 4-arm PEG hydrogels
improved 10-fold (time to reach critical gelation point: 20 min for fulvene, 10 hours for furan, 7
hours for methylfuran) (Figure 3A-C). By increasing polymer concentration and the number of
reactive sites (i.e., 8-arm PEQG), fulvene-based hydrogels were able to cross the critical gelation
point in under 30 seconds. The increased gelation kinetics prevented cell settling during
encapsulation. Degradable ELPs containing RGD adhesive sequences were functionalized with
fulvene groups to enable incorporation into the hydrogels (Figure 3D). Encapsulated hMSCs
exhibited high viability and protrusions into the surrounding environment, indicative of cell-
mediated remodeling (Figure 3E-G).
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Figure 3. Diels Alder (DA) hydrogel tunability can be used to explore the influence of matrix mechanics
on cell behaviors. (A) DA hydrogels can be synthesized by mixing a diene (furan, methylfuran, or fulvene)
with a dienophile (maleimide). (B,C) The point of gelation and the time it takes to reach half of the
maximum storage modulus, G’, can be tuned by varying the diene group. Compared to furan and
methylfuran, the more electron-rich fulvene demonstrated faster gelation times. (D) Engineered ELPs
functionalized with fulvenes can be used to fabricate hydrogels with cell adhesive and structural domains.
(E-G) Encapsulated hMSCs maintained high viability after 7 days and spread. (A-G) adapted with
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permission from'”?. Copyright 2019, American Chemical Society. (H) DA hydrogels can be fabricated
using furan-modified HA and bismaleimide crosslinkers. (I) Several modifications can be made using DA
chemistry to tune stiffness (crosslink density), degradation, and bioactive molecule presentation (ligand
density). (J) Young’s moduli of hydrogels increased as crosslink density increased. (K) Invasion of MCF-
7, T-47D, SK-MEL-28, and MDA-MB-231 cancer cell lines in medium crosslinked hydrogels revealed
different morphologies and infiltration mechanisms based on cell type. (L-O) MDA-MB-231 invasion was
stifled as hydrogel stiffness increased. (H-O) adapted with permission from'*. Copyright 2015 WILEY-
VCH.

DA click chemistry has also been utilized for co-culture systems. Silva ef al. synthesized furan-
modified gellan gum hydrogels using the DMTMM coupling method described previously!®165,
Maleimide-RGD adhesive peptides were incorporated via the Diels-Alder reaction, and studies
showed that neural stem/progenitor cells (NSPCs) migrated and spread with distinctive
cytoplasmic extensions in both 2D and 3D cultures. However, without the presence of RGD,
increased cell-cell interactions resulted in aggregates of neurospheres. Co-culture of NSPCs and
olfactory ensheathing glia (OEG) promoted increased NSPC proliferation in direct and indirect
co-culture, indicating that OEG secrete factors that do not require direct cell-cell contact to
enhance proliferation.

Thermosensitive DA hydrogels

To address the slower gelation kinetics of the DA reaction that may be unfavorable for injection-
based applications, DA hydrogels have been engineered incorporating thermosensitive moieties to
enable dual crosslinking. Bi et al. explored the use of thermosensitive hydroxypropyl chitin
(HPCH) as the backbone polymer for the development of a DA-based injectable hydrogel'®!. The
inherent biocompatibility and thermosensitive properties of chitin coupled with furyl-maleimide
DA reaction kinetics enabled a dually crosslinked system for both in vitro and in vivo studies. Even
after HPCH modification with furyl moieties via etherification, the HPCH demonstrated retention
of its ability to gel at physiologic conditions. Initial physical crosslinking of chitin at 37°C enabled
initial cell incorporation and support prior to the two-hour DA gelation between furyl-modified
HPCH and bis-maleimide PEG crosslinker. Manipulation of hydrogel mechanical strength
correlated with crosslink density, and encapsulated cancer cells displayed rounded morphologies
and formed spheroids with increasing aggregate diameter over time. Abandansari et al. combined
DA crosslinking between furan-functionalized gelatin and bis-maleimide-PEG crosslinker with
thermoresponsive interactions via chitosan grafted with Pluronic F127 (CP), an FDA-approved
thermosensitive copolymer, to create a dual crosslinked hydrogel with more robust mechanics and
improved cell retention during injection!®’. Compared to the DA- and CP-only hydrogels (G* ~
0.1-1 kPa and ~ 4-8 kPa, respectively), the dual crosslinked hydrogel exhibited higher stiffness at
37°C (G’ > 10 kPa) due to increased crosslinking as well as lower swelling and higher stability
while still being injectable. The injected dual hydrogel led to higher hydrogel (70% on day 3) and
cardiomyocyte retention (45% after 24 hours) compared to free cells (15% viable cells after 24
hours) or DA hydrogel (15% material retention on day 3 and 20% cells after 24 hours) groups.
Additionally, the hybrid hydrogel induced in vivo tissue regeneration and preserved the phenotype
of the encapsulated cardiac muscle cells.

DA hydrogels to model tumorigenesis
Efforts to create tumor mimetics have also been explored using DA-based hydrogels. Fisher et al.
exploited the ability to independently tune multiple HA hydrogel properties, including mechanical
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(e.g., stiffness, degradability) and chemical (e.g., adhesion) cues (Figure 3H,I)!4. Similar to
previous studies, crosslink density and HA concentration were decoupled by varying the degree of
furan modification on HA while maintaining the same crosslinker concentration for all
formulations (Figure 3J). Hydrogels with a lower crosslink density (Young’s modulus, E ~ 3.5
kPa) resulted in greater MDA-MB-231 breast cancer cell invasion into the hydrogels compared
with cells within stiffer hydrogels (E ~ 5 kPa) (Figure 3K-0). Incorporation of MMP-degradable
crosslinks also correlated with increased cell invasion independent of stiffness. Interestingly,
increased adhesive ligand density led to greater cell proliferation but did not affect the degree of
cellular invasion into the hydrogel.

This model was further exploited as a high-throughput metastatic cancer drug screening
platform!%8. In addition to the DA chemistry, methylcellulose was covalently incorporated into the
matrix to introduce hydrophobic interactions and consequently, tunable stress relaxation
properties. The platform was then used to independently assess cell viability and invasion over a
range of pharmacological treatments and hydrogel compositions in a lung cancer model,
lymphangioleiomyomaosis (LAM). Compared to elastic hydrogel controls, LAM smooth muscle
cells displayed increased invasion in 3D viscoelastic substrates due to stress relaxation properties.
Drug screening was then tested within a 384-well format to enable higher-throughput analysis, and
candidates that showed a decrease in both cell viability and invasion included those that impacted
cell cycle (e.g., cyclin-dependent kinase inhibitors) and autophagy (e.g., IRE1 inhibitors). Overall,
the hydrogel platform allowed for several physicochemical properties to be varied (e.g., stiffness,
viscoelasticity, biochemical composition) with increased throughput to study cell responses to
treatments.

In summary, DA chemistry is a highly selective cycloaddition that is easy to synthesize, does not
have side reactions or byproducts, and is accelerated in water. While many DA reactions
demonstrate slower gelation kinetics compared to other click reactions, this can be overcome by
substituting in more hydrolytically stable diene-dienophile pairs'®41°%, The slower DA reaction has
also been used in conjunction with secondary assembly mechanisms such as fast-gelling
thermosensitive polymers. The DA reaction is also thermosensitive, with higher temperatures
resulting in lower gelation times. Under certain conditions such as increased temperature or choice
of diene-dienophile pair, the reaction is also reversible, enabling controlled degradation. In the
context of mechanobiology, DA chemistry is particularly useful for allowing ligand presentation
(e.g., adhesive peptides), mechanics (e.g., stiffness, degradation), and DA-mediated biomolecule
release to be tailored within hydrogel systems for studying cell-matrix interactions.

5. Inverse electron demand Diels-Alder (IEDDA)

Inverse electron demand Diels-Alder (IEDDA) reactions are fast, chemoselective, and readily
proceed at mild conditions without requiring additives such as initiators or catalysts!®?200,
Compared to the normal Diels-Alder (DA) cycloaddition, where an electron-rich diene reacts with
an electron-poor dienophile, the IEDDA reaction mechanism involves an electron-poor diene and
an electron-rich dienophile (Scheme 4A). These reactions demonstrate irreversible kinetics on
experimental timescales, producing only nitrogen during product formation?°'292, TEDDA
reactions were first discovered through the use of 1,2,4,5-tetrazine, a nitrogen-containing electron-
poor diene with electron withdrawing groups (EWG), and demonstrated quicker reaction rates
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influenced by changes in electronic properties?®. While other cyclic azines such as pyridazine and
triazine have shown suitability as diene candidates, the majority of IEDDA reactions utilize
tetrazine for its increased reactivity and orthogonality with respect to other click chemistries such
as CuAAC and thiol-Michael addition, which is particularly valuable within the biomaterials
community!%-118.204-209  However, studies have shown a trade-off between fast reactivity and
stability; compared to tetrazines, some less reactive dienes such as 1,2,4-triazines exhibit higher
stability under physiologic conditions!!®199:210.211 Degpite this limitation, tetrazine-based reactions
have proven stable within characteristic cellular timescales and are a popular route for tissue
engineering and hydrogel systems (Scheme 4B,C)?!'1-219,

A EWG EWG
+ t .
EDG EDG
R.
B R, 2

Ra

Scheme 4. (A) Inverse electron demand Diels-Alder (IEDDA) cycloaddition between an electron-poor
diene and an electron-rich dienophile. (B) IEDDA reaction between a norbornene and tetrazine group. (C)
IEDDA reaction between a frans-cyclooctene (TCO) and tetrazine.

Compared to other common click-based cycloadditions such as CuAAC and SPAAC, IEDDA has
a significantly faster reaction rate (IEDDA?3220.221 second-order rate constant k ~ 1-10% M-!s™!
versus k ~ 10-100 M-'s"! and k ~ 10-2-1 M-!s'! for CuUAAC” and SPAAC?, respectively). Adding
electron-withdrawing (i.e., electron-poor) groups such as carboxylates to dienes increases overall
reactivity by lowering the energy of the lowest unoccupied molecular orbital (LUMO)!%5-222,
Likewise, adding electron-donating (i.e., electron-rich) groups such as olefins and enamines to
dienophiles raises the dienophile’s highest occupied molecular orbital (HOMO), which greatly
impacts kinetic behavior.
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IEDDA reaction kinetics can also be controlled by varying substituent features such as dienophile
ring strain and solvent type. Decreasing the internal angle of cyclic dienophiles increases ring
strain and results in lower distortion energy to reach the transition-state geometry, which correlates
with increased reactivity?!!223, Norbornene groups have become a common dienophile for their
low cost and cell encapsulation-friendly gelation kinetics?'2??4, Similarly, the trans configuration
encourages increased ring strain compared to the cis configuration — computational analysis
revealed that the ‘crown’ conformation of trans-cyclooctene (TCO) was seven orders of magnitude
more reactive than cis-cyclooctene toward tetrazines due to a lower activation energy??>223,
Furthermore, TCO has demonstrated faster reaction rates compared to norbornenes (k ~ 103-10°
M1 s! for TCO versus k ~ 2 M s! for norbornenes in aqueous solution at room
temperature)®3-224225. The influence of dienophile stereochemistry on reaction rates is similar to
that of the normal DA reaction; endo-isomers are typically more thermodynamically favorable and
exhibit faster kinetics than exo-positioned groups!?%-226-228, However, in some cases, this selectivity
can be reversed due to differences in functional group distortions (e.g., norbornenes?>4?2%) and
electrostatic repulsions (e.g., cyclopentadiene?3?). Accelerated reaction rates in water have also
been observed due to increased hydrophobic interactions and stabilization of the activated complex
via hydrogen bonding, which becomes advantageous for cell culture systems?®-211231.232 n
particular, the influence of protic solvents on reaction rate has mainly centered around the use of
tetrazines?’!.

In an effort to increase tetrazine stability, Shoichet and co-workers designed an IEDDA-based
hydrogel system involving norbornene and methylphenyltetrazine (mpT), where the inclusion of
electron-donating groups increased hydrolytic stability while compromising high reactivity?!4215,
Using HA as the polymer backbone, Delplace et al. confirmed that gelation time was not
significantly affected; depending on polymer and crosslinker concentrations, hydrogel gelation
occurred within one hour and could be formed in as little as 5 minutes at high polymer
concentrations®'4. Interestingly, at a constant mpT:norbornene ratio, hydrogel swelling was
independent of HA-mpT molar mass as well as HA-norbornene concentration. Encapsulated cells
maintained high viability over several days, particularly in hydrogels with lower polymer
concentrations, and also confirmed the correlation between gelation time and cell sedimentation.
Using the same IEDDA click chemistry, Delplace et al. also developed a methylcellulose-based
hydrogel system for the co-delivery of neural stem cells and chondroitinase ABC (ChABC)
enzyme for glial scar degradation?'®. Gelation occurred within 15 minutes with Young’s moduli
ranging between 0.5-1.5 kPa, similar to that of brain tissue. Using affinity-controlled release,
controlled release of ChABC could be extended to 4 days. Interestingly, neurospheres containing
neural progenitor cells within degradable IEDDA hydrogels appeared to maintain viability and
resulted in increased neurosphere size with the formation of new, smaller neurospheres. Dual-
crosslinked systems have also been used to form robust hydrogels. For example, Truong et al.
created cytocompatible, tough PEG-based IPNs with compressive stresses of ~ 15 MPa through a
one-step fabrication involving IEDDA between tetrazine and norbornene groups and a
nucleophilic thiol-yne click reaction?®. This system provides a structurally supportive hydrogel
network with robust mechanical strength that can maintain high cell viability and accommodate
ligand functionalization.
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Tetrazine-norbornene hydrogels

Many IEDDA hydrogel systems have utilized the high reactivity and bioorthogonality of tetrazine-
norbornene interactions. Lueckgen et al. fabricated alginate hydrogels using carbodiimide
chemistry to modify alginate with norbornene and tetrazine groups?33. Similar to a previous system
developed by Mooney, Joshi, and co-workers, alginate was chosen as the backbone polymer for
its degradability via controlled oxidation using sodium periodate?**. Gelation kinetics and stiffness
were tuned by altering the oxidation state of alginate, degree of norbornene modification, and the
ratio of norbornene to tetrazine. Hydrogel mechanics were varied from 2-20 kPa, with lower
degrees of alginate substitution and oxidation resulting in more compliant hydrogels with slower
gelation kinetics. Regulating these parameters enabled control over degradation — increased
crosslinking density via backbone modification and norbornene:tetrazine ratio slowed degradation.
Compared to degradable substrates, mouse pre-osteoblasts seeded atop hydrogels proliferated
more on non-degradable hydrogels. The stability of IEDDA reactions at physiologic conditions
lends favorably to 3D culture applications as well. Lueckgen et al. expanded their previous alginate
2D cell culture model into a 3D system, and encapsulated mouse pre-osteoblasts retained a more
rounded morphology over all hydrogel groups without significant proliferation®*3. Finally, in vivo
hydrogel implantation revealed that the degradable, oxidized substrates promoted cell infiltration
after 8 weeks compared to non-degradable controls.

Alge et al. successfully fabricated tunable 3D PEG hydrogels for cell encapsulation and protein
patterning using tetrazine-norbornene chemistry?!2. 4-arm PEG was functionalized with tetrazine
groups via acid amine conjugation between PEG-amines and carboxylic acid-bearing tetrazines.
Di-norbornene MMP-degradable crosslinker and mono-norbornene adhesion peptides were
incorporated for hydrogel fabrication and introduction of adhesive sites, respectively. Varying
polymer concentration and norbornene-functionalized pendant peptides enabled control of
parameters such as stiffness and adhesive ligand density. Under physiologic conditions initial
gelation occurred in a few minutes and plateaued within 15 minutes. Encapsulated hMSCs showed
high viability but a low degree of spreading, suggesting the need for optimizing hydrogel
parameters (e.g., stiffness, degradability, adhesion presentation). Koshy et al. used the natural
adhesivity and degradability of gelatin to fabricate “click gelatin hydrogels” (ClickGel) to support
increased cell spreading?!6. The addition of norbornene and tetrazine functional groups resulted in
decreased gelation temperature and viscosity, making the hydrogel precursors easier to pipet and
mix at room temperature. Similar to previous studies, gelation occurred spontaneously and rapidly
within minutes, and gelation rate correlated with increased polymer concentration. Encapsulation
of enhanced green fluorescent protein (EGFP)-expressing NIH3T3 fibroblasts in 5 and 10 wt%
hydrogels revealed the influence of polymer concentration on cell behavior. Cells within the softer
5% ClickGel groups displayed elongated morphologies after a 3 day culture period and remained
spherical after treatment with MMP-inhibitor Marimastat, suggesting that cell spreading was
largely mediated by enzymatic degradation. Similarly, encapsulated hMSCs within the 5%
ClickGels elongated extensively and displayed organized actin stress fibers due to matrix
remodeling, and in vivo injection of the hydrogel led to almost complete degradation over 120
days.

Dual-crosslinked hydrogels
Similar to DA-based reactions, several groups have exploited the orthogonal nature of IEDDA
chemistry toward the rational design of dual-crosslinked systems. By combining IEDDA
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chemistry with photoinduced thiol-ene addition, Lueckgen et al. demonstrated spatial control over
hydrogel biophysical and biochemical properties to study and guide wound healing responses?3>.
The IEDDA crosslinks enabled compliant hydrogel formation prior to thiol-ene patterning regions
of higher stiffness via non-degradable crosslinkers (Figure 4A,B), degradation via incorporation
of degradable crosslinkers, or biomolecules through immobilization of cell adhesive peptides.
Interestingly, for initially IEDDA-crosslinked hydrogels, later UV exposure resulted in stiffer
patterned regions by almost an order of magnitude (E ~ 1-2 kPa with early secondary crosslinking
vs 9-10 kPa for later crosslinking), enabling spatiotemporal control over stiffness. On regions of
patterned stiffness (9-10 kPa), fibroblasts aligned in the direction of the striped pattern, covered
more surface area, and displayed both increased cell area and significantly decreased circularity
(Figure 4C). Similarly, patterned regions of cell adhesive RGD and degradable crosslinker led to
preferential attachment and lower stiffness respectively compared to non-patterned control
regions. As expected, on stiffness-patterned substrates, adipogenic and osteogenic differentiation
increased on soft and stiff regions, respectively (Figure 4D). These trends were quantified by cell
attachment as well as oil droplet area (adipogenic) and mineralized area (osteogenic).
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Figure 4. Inverse electron demand Diels-Alder (IEDDA) can be used on its own or with secondary
crosslinking mechanisms to rapidly and precisely control hydrogel mechanical properties for studying cell
mechanobiology. (A) Additional modifications, such as stiffness (shown), biomolecule presentation, and
degradation sites, can be photopatterned within IEDDA-based alginate hydrogels. (B) Elastic moduli of
dual-crosslinked hydrogels were measured by compression testing, showing increased stiffness in regions
exposed to UV-mediated thiol-ene addition. (C) Fibroblast attachment, spread area, and circularity on
stiffness-patterned 2D cultures show distinct behaviors based on mechanics. Scale bar = 200 pum. (D)
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Adipogenic and osteogenic differentiation increased on unpatterned (compliant) and patterned (stiff)
regions, respectively. Lineage specification was measured by oil droplet and mineralized area. Scale bar =
500 um. (A-D) adapted with permission from?3. Copyright 2020 Elsevier Ltd. (E) IEDDA can facilitate in
situ stiffening and adhesive ligand presentation without external triggers. (F,G) After initial hydrogel
formation, diffusion-controlled secondary crosslinking results in [IEDDA-mediated stiffening. (H) Matrix
stiffening (bottom) led to rounded hMSCs with distinct cortical actin. Scale bars = 50 um. (I) The addition
of RGD-TCO adhesive cues resulted in hMSC elongation with F-actin (red) stress fiber bundles. Scale bars
=50 um. (E-I) adapted with permission from?*°. Copyright 2018, American Chemical Society.

In addition to varying stiffness, Vining et al. varied ionic (between alginate and calcium) and
covalent (between norbornene and tetrazine) crosslinking ratios to tune hydrogel viscoelasticity??’.
The viscoelastic properties of the hydrogels, measured by loss angle, were achieved without
altering the microscale architecture of the hydrogel network by maintaining constant alginate
concentration. To study the impact of physical properties on cell function, MSCs were
encapsulated within hydrogels of varying stiffness (storage moduli, G’ ~ 0.5 kPa and 2.5 kPa) and
viscoelasticity (loss moduli, G” ~ 50 Pa and 250 Pa, respectively). Interestingly, after 72 hours,
MSCs exhibited increased cell cross-sectional area in the stiffer more elastic hydrogels containing
the covalent IEDDA network. Immunomodulatory markers such as cyclo-oxygenase-2 and TNFa.-
stimulated gene-6 were upregulated to varying degrees based on hydrogel stiffness and
viscoelasticity, with gene expression increasing as both stiffness and viscoelasticity increased.

While IEDDA reactions can occur spontaneously in aqueous conditions without an initiator or
catalyst, the addition of a catalyst can be used to both increase stability and trigger gelation.
Carthew et al. demonstrated the use of horseradish peroxidase (HRP) to increase material stability
via oxidation and activate faster crosslinking?38. To bypass the limitation of tetrazine oxidation
over time, synthesis of dihydrogen tetrazine-functionalized PEG (dHTz-PEG) via carbodiimide
coupling provided precursor stability, where mild oxidation to tetrazine could easily occur using a
low concentration of HRP. Mixing norbornene-functionalized gelatin, which was synthesized
through the same coupling method, dHTz-PEG, and HRP quickly formed a hydrogel within 5
minutes. Encapsulated hMSCs over a 32 day culture period displayed extended filopodia,
particularly in the more compliant hydrogel group (G’ ~ 1.2 kPa) where star-shaped cellular
morphologies were seen. As hydrogel stiffness increased (G’ ~ 3.8 kPa), cells remained more
rounded with decreased spreading. Overall, the facile synthesis method and ability for the
hydrogels to remain stable over a month-long culture are highly attractive for long-term
mechanobiology studies.

TCO-tetrazine hydrogels

While norbornenes offer greater stability, TCO-tetrazine reactions demonstrate faster reaction
rates, providing an alternative dienophile for rapid hydrogel fabrication. Strategies involving TCO
have taken advantage of the increased reactivity to uniquely study cell-matrix interactions in 3D
hydrogels. Zhang et al. synthesized liquid microspheres composed of an outer HA shell fabricated
via IEDDA click chemistry capable of 3D biomolecule patterning and cell culture?3°. Microspheres
were created by adding HA-tetrazine droplets to a solution of bis-TCO, triggering nearly instant
TCO-tetrazine crosslinking at the droplet surface, where subsequent crosslinking occurred through
bis-TCO crosslinker diffusion into the hydrogel. The diffusion-driven crosslinking mechanism
enabled biomolecule patterning by switching the solution to generate multilayer structures within
the microsphere without an initiator or catalyst. Applying the hydrogel system to mimic an in vitro
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tumor microenvironment, homogeneously encapsulated prostate cancer cells continuously
proliferated within the compliant microspheres (G’ ~ 135 Pa) and formed rounded cell clusters
with cells displaying cortical actin filaments.

TCO-tetrazine interactions also enable temporal hydrogel stiffening and introduction of tethered
biomolecules?*¢. Following initial Michael-type addition between thiolated HA, a hydrophilic co-
polymer with acrylate and methyltetrazine groups at mildly basic conditions, and MMP-
degradable crosslinker, secondary stiffening of the primary network was achieved via
incorporation of HA-TCO (through solution diffusion into the hydrogel) to introduce TCO-
tetrazine interactions (Figure 4E-G). Incorporation of cell adhesive sites through the addition of
pendant RGD-TCO groups was achieved in a similar manner. The 9 day cell culture revealed the
influence of secondary stiffening, where hMSCs displayed more pronounced actin-rich processes
from the generally rounded encapsulated cells (Figure 4H). However, introduction of cell
adhesive sites resulted in significant h(MSC spreading and elongation, creating a mesh-like cellular
network with distinct stress fiber bundles (Figure 41). In the absence of degradable crosslinkers,
spreading was inhibited even with the addition of RGD sequences, again highlighting the
importance of degradation in supporting 3D cell spreading.

In summary, the IEDDA click reaction has been gaining recognition as a bioorthogonal
crosslinking mechanism that exhibits rapid gelation at physiologic conditions. Similar to Diels-
Alder, varying the diene and dienophile pairs can influence gelation rate. For example, the use of
dienophiles with greater strain (e.g., TCO) increases reaction rates by several orders of magnitude
compared to their cis- counterparts. For this reason, IEDDA reactions are highly advantageous for
cell encapsulation studies. Hydrogel properties, including stiffness, viscoelasticity, and
biomolecule presentation, can be efficiently tuned with precise control. More recently, the fast
encapsulation properties of IEDDA reactions have been used in hydrogels containing dual
crosslinking modes to engineer complex mechanics for studying cellular responses while
maintaining a high level of user control. One limitation with IEDDA chemistry is the trade-off
between reactivity and stability, with less reactive dienophiles demonstrating higher stability in
aqueous conditions. However, the majority of reactions involving tetrazine, a highly reactive but
slightly less stable diene, maintain stability within relevant cellular timescales. Continued
optimization of reaction pairs to increase stability for longer cell culture studies will only add to
the beneficial properties of IEDDA hydrogels to study mechanobiology.

6. Imine-derivatives (oximes and hydrazones)

Imines are formed through the dehydration reaction of a primary amine with an aldehyde or ketone.
In general, the mechanism involves a proton-catalyzed attack of the a-nucleophile on the carbonyl
carbon atom, followed by proton transfer and dehydration of the hydroxyl group to yield an imine
or imine-derivative (e.g., oxime, hydrazone)?4-242, Imines are considered covalent bonds that are
reversible within experimental timescales, termed dynamic covalent chemistry (DCC)**2. In
general, the carbonyl reaction can be accelerated under acidic conditions (especially between pH
values of 3-7), enabling control over gelation time and mechanical properties via pH.

Hydrazones and oximes share structural similarities with imines with nitrogen and oxygen
neighboring the carbon-nitrogen double bond, respectively. Under aqueous conditions, more
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electronegative heteroatoms (O, oxime > NH, hydrazone > CH,, imine) create a negative inductive
effect and provide addition stability at physiologic pH to oximes and hydrazones compared to
imines?*. As a result, hydrazone and oxime bonds have become particularly appealing
bioorthogonal approaches for tunable biomaterial synthesis and cell behavior studies?*+-24°.

H H
R1/N\NH2 " o/\ﬁ2 R1/N\N/\

Scheme 5. Oxime bond formation between an aminooxy and an aldehyde.

R>

Oxime bond formation (Scheme 5) is a highly efficient and chemoselective reaction that occurs
between either an aldehyde or ketone and an alkoxyamine (typically a hydroxylamine)?3.
Compared to hydrazones, oximes have a higher stability owing to steric and electronic differences.
While oxime bioconjugation reactions were studied as early as 1882, previously complex
hydroxylamine synthesis techniques limited its utility?>%>!. The development of more facile
hydroxylamine syntheses such as the Mitsunobu reaction and BOC deprotection coupled with the
increased stability and stimulus-responsiveness of oximes has allowed researchers to exploit the
dynamic covalent reaction for both minimally invasive in vivo experiments and longer-term cell
culture studies?#->>0, In particular, pH has been widely used as a method to alter bond reversibility
while maintaining tissue-relevant stiffnesses?>>2%.

R1/O\NH2 ¥ O/\Rz —> R1/O\N/\

Scheme 6. Hydrazone bond formation between a hydrazine and an aldehyde.

R

Similar to oximes, hydrazones are dynamic covalent bonds that form between a hydrazine and a
carbonyl, usually an aldehyde or ketone (Scheme 6). While they are more stable than imines, they
are more likely to undergo hydrolysis compared to oximes; the rate constant for oxime hydrolysis
is nearly 1,000-fold lower than for hydrazones?42-243:258.259 The degree of acid lability is dependent
on the carbonyl group selected; hydrazone bonds formed with ketones exhibit slower reaction rates
and are less labile compared to aldehydes. However, aromatic aldehydes have shown more stability
than aliphatic aldehydes?*>>3°-261_ These subtle differences in chemistry have been shown to
greatly impact stress relaxation timescales for hydrogel systems®!:262263 Notably, many systems
have taken advantage of hydrazone tunability and reversibility via alterations in pH, temperature,
and/or polymer groups to develop hydrogels with dynamic covalent properties and/or shear-
thinning and self-healing capabilities?®*27°, Recent approaches utilizing bioorthogonal
mechanisms, such as secondary photocrosslinking or photocleavage, have also enabled the design
of systems with spatiotemporal control over mechanical and biochemical cues?*%?%!, For more in-
depth discussion of oxime and hydrazone bioconjugation techniques, readers are referred to the
following reviews?6-243.250.257,

Viscoelastic oxime hydrogels

Maynard and co-workers first reported the use of oxime click chemistry as a method of hydrogel
fabrication?*°. Eight-armed aminooxy PEG (AO-PEG) was crosslinked with glutaraldehyde and
functionalized with a ketone-modified RGD adhesive peptide to support cell culture. By varying
AO-PEG concentration or crosslinker density, hydrogel stiffness could be tuned from storage
moduli G’ of about 250 Pa to over 4 kPa. Subsequently, viscoelastic properties were also altered
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by increasing stiffness (loss modulus, G” ~ 10 Pa to around 50 Pa, respectively). Hydrogel gelation
was also pH-dependent, with more acidic solutions resulting in quicker gelation. At a more
physiologic pH of 7.2, oxime formation occurred in 30 minutes (compared to 5 minutes at a pH of
6) without compromising stiffness to allow 3D encapsulation of MSCs. MSCs were metabolically
active and proliferated over the 7 day culture period, demonstrating material cytocompatibility. In
the absence of any enzymatically-degradable crosslinkers, encapsulated cells remained rounded
during the 7 day culture, indicative of oxime bond stability and non-degradability. Grover et al.
also demonstrated the ability to tune gelation and stiffness using oxime conjugation. By altering
either the concentration of AO-PEG and aldehyde-PEG (ald-PEG) or ald/AO ratios, gelation rate
(2-400 seconds) or hydrogel stiffness (G’ ~ 450 Pa to 1.4 kPa) could be manipulated,
respectively?®?. Interestingly, while the PEG-functionalized hydrogel inhibited 3T3 fibroblast
adhesion regardless of the degree of polymer modification, verified by rounded cell morphologies
in 2D cultures, functionalization enabled hydrogel adherence to ex vivo cardiac tissues to improve
material retention for future in vivo studies.

The pH-responsive nature of oxime bonds has also been used to incorporate time-dependent
properties into hydrogels. Toward this approach, Sanchez-Moran et al. synthesized aldehyde-
containing oxidized alginate (NaAlg-Ald) by oxidizing alginate diols using sodium metaperiodate
(NalOy), where the diol/NalO, ratio could be tuned to control oxidation and subsequently, degree
of modification?®?. Alkoxyamine alginate (NaAlg-AA) was synthesized via a Mitsunobu reaction
followed by a hydrazinolysis to yield an alkoxyamine group. Stiffness and viscoelasticity were
controlled by varying polymer concentrations, Ald/AA ratio, and the degree of NaAld-Ald
oxidation — as Ald/AA decreased, both storage and loss moduli increased (G’ ~ 0.1-12 kPa and G”
~ 1-30 Pa). Gelation studies demonstrated the dependence of oxime bond formation on pH and
temperature; more rapid gelation occurred in mildly acidic conditions (pH 4-6) and at higher
temperatures. However, the addition of a nucleophilic aniline catalyst, which has been previously
shown to improve gelation kinetics and mechanical properties, enabled gelation across the entire
spectrum?®3-285. Mean relaxation times, (1), were fitted to experimental stress relaxation profiles.
As the Ald/AA ratio increased, faster stress relaxation occurred — for a hydrogel with an Ald/AA
ratio of 9, (1) ~ 4 h compared to ~ 27 h for a hydrogel with an Ald/AA ratio of 0.3. Increasing
oxidation levels also led to faster stress relaxation ((t) ~ 13 h versus ~ 56 h for 100% and 25%
oxidation, respectively). Encapsulation of murine B lymphoma cell line 2PK-3 in oxime hydrogels
with faster stress relaxation resulted in increased cell size, proliferation, and migration.

Oximes can also be used to trigger cell adhesion and influence cell mechanobiology. Criado-
Gonzalez et al. explored this approach by combining stable oxime-based PEG networks with
enzyme-assisted peptide self-assemblies?®. Poly(dimethylacrylamide-co-diacetoneacrylamide)
(poly(DMA-co-DAAM), PDD) was synthesized via reversible addition-fragmentation chain-
transfer (RAFT) polymerization and varying polymer concentrations were crosslinked with bis-
aminooxy PEG (AOP) at a pH of 7.4 to create hydrogel networks with mechanics ranging from
G’ ~ 03 kPa (G” ~ 4 Pa) to G’ ~ 1.8 kPa (G” ~ 8 Pa) (Figure 5A-C). Embedding alkaline
phosphatase within the bulk PDD-AOP hydrogel prior to diffusion of Fmoc-FFpY peptides led to
enzyme-assisted peptide dephosphorylation and intercalated Fmoc-FFY self-assemblies without
affecting hydrogel stiffness. The presence of self-assembled Fmoc-FFY also allowed
incorporation of Fmoc-F-RGD to provide additional adhesion sites. After confirmation of peptide
supramolecular self-assembly via circular dichroism spectroscopy, the influence of self-assembled
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peptides and adhesion was studied using NIH3T3 fibroblasts. A combinatorial study demonstrated
that fibroblast area, spreading, and formation of vinculin spots at the tips of actin microfilaments
only occurred in the presence of the self-assembled Fmoc-FFY, and these cell metrics were
enhanced with the addition of RGD (Figure 5D-F). Thus, this hydrogel platform allowed
decoupled investigation of the influence of mechanical and adhesive cues on fibroblast behavior.
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Figure 5. Viscoelastic oxime and hydrazone hydrogels can be employed to study the influence of dynamic
mechanics on cell behaviors. (A) An oxime-based PEG network containing embedded enzyme alkaline
phosphatase enables peptide supramolecular self-assemblies when infused with a peptide solution. (B,C)
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Storage (G’) and loss (G”) moduli showing negligible differences in stiffness before and after peptide
incorporation. (D-F) F-actin staining revealed distinct increases in cell protrusions and spreading on
hydrogels with peptide self-assemblies (v-viii), compared to more rounded morphologies without distinct
F-actin fibers when peptide self-assembly was absent (i-iv). Scale bars = 10 um. (A-F) adapted from?3¢ with
permission from The Royal Society of Chemistry 2020. (G) Hydrazone interactions occur at
physiologically-relevant conditions and are reversible. (H) Dynamic hydrazone bonds introduce stress
relaxation behaviors that are commonly displayed in natural tissues. (I) Frequency sweep of hydrogels with
varying polymer concentrations demonstrates ability to modulate stiffness and viscoelasticity. (J) HA
hydrogels modified with either aliphatic aldehydes (HA-ALD) or benzyl aldehydes (HA-BLD) were
formed to tune stress relaxation profiles with HA-ALD hydrogels displaying faster relaxation. (K,L) Cell
spreading is influenced by stress relaxation timescale, with increasing MSC spreading in fast relaxing HA-
ALD compared to slower relaxing HA-BLD hydrogels. Increasing HA concentration also resulted in
decreased cell spreading. Scale bars = 50 um. (M) Focal adhesion formation increased significantly in
viscoelastic substrates capable of stress relaxing. Scale bar = 10 um. (G-M) adapted with permission from®!.
Copyright 2017 Elsevier Ltd.

Oxime hydrogels to mimic the tumor microenvironment

Oxime chemistry can be combinatorially leveraged with secondary crosslinking methods to enable
independent control of mechanical and biochemical properties. By modifying HA with aldehyde
and methyl furan groups, Baker and co-workers designed a system allowing initial oxime ligation
between HA-aldehyde and bis(oxyamine)-PEG, followed by Diels-Alder click chemistry to
facilitate presentation of biochemical cues?®’. Through rational design of hydrogel parameters,
they were able to optimize long-term breast cancer epithelial cell growth in spheroids. Cells
cultured on optimally compliant matrices (E ~ 0.6 kPa) formed acinar-like spheroids compared to
a flattened morphology on tissue culture polystyrene. Similarly, breast cancer cells on stiffer
hydrogels (E ~ 2.3 kPa) also deviated from the optimal spheroid morphology in favor of flat
monolayers. Increasing concentrations of the laminin-derived IKVAV peptide on the 0.6 kPa
substrates also led to cell flattening, highlighting the combined effects of mechanical and adhesive
cues in regulating disease-relevant cell behaviors.

Oxime and hydrazone hydrogels for in vivo applications

The dynamic covalent interactions of oxime bonds can also be manipulated for in vivo studies that
favor minimally invasive approaches. Hardy et al. demonstrated the clinical relevance of a
hydrogel composed of oxime-crosslinked HA, PEG, and collagen for central or peripheral nervous
system applications?®®. Aldehyde-functionalized HA (HA-ALD) was crosslinked with linear
aminooxy-terminated PEG to rapidly form oximes at a pH of 7.4, and mechanical properties such
as stiffness and degradability were adjusted by tuning the ratios of PEG and HA derivatives. Cell
adhesion was mediated by incorporating various amounts of a-1-type collagen. hMSCs seeded
atop hydrogels displayed spread morphologies, with increased viability on stiffer substrates.

Within the regenerative medicine field, in situ formation and sutureless implantation are ideal
characteristics for drug and cell delivery. The Skottman group developed an implantable tissue
adhesive hydrogel for corneal regeneration based on a HA hydrogel system enabling corneal cell
attachment and high viability of encapsulated human adipose stem cells (hASCs)?#-2%, Koivusalo
et al. applied this model toward the design of a tissue adhesive scaffold containing distinctly
compartmentalized cells to promote regeneration after implantation®”’. Dopamine was
functionalized onto hydrazone-crosslinked HA hydrogels (HA-DOPA) to enable adhesion of the
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scaffold to the defect site. Advantageously, the introduction of dopamine allowed for thiolated
collagen IV (col IV-SH) cell adhesive peptide to be conjugated to the hydrogel surface via Michael
addition. Compared to DOPA-free HA hydrogels (HA-HA), limbal epithelial stem cells (LESCs)
on col IV-SH-conjugated HA-DOPA hydrogels displayed greater adhesion and long-term
viability. Interestingly, LESC attachment was observed on unmodified col IV-coated HA-DOPA
groups, owing to the adhesive properties of DOPA. On HA-DOPA, LESCs retained their
progenitor-like phenotype via expression of the limbal stem cell marker ANp63a (indicated by
p63a and p40 nuclear co-localization) in combination with low expression of epithelial maturation
marker cytokeratin 12. Covalent attachment of col IV was also necessary for continued cell growth
and maintenance of LESCs. Encapsulated hASCs displayed increased elongation within HA-
DOPA hydrogels compared to a more rounded phenotype in HA-HA hydrogels, potentially due to
DOPA residues promoting the retention of ECM proteins deposited by cells.

Viscoelastic hydrazone hydrogels

Hydrazone-based hydrogels have been used most extensively for their unique dynamically
covalent crosslinks, imparting viscoelasticity and rapid shear-thinning and self-healing capabilities
at physiologic conditions. Recent efforts by the Anseth group have utilized dynamic covalent
hydrazone bonds to provide a stable crosslinked network for cell culture and with tunable stress
relaxation profiles. McKinnon et al. formed hydrogels composed of aliphatic hydrazine- and
aldehyde-functionalized 4-arm PEG at a pH of 7.4 to allow for cell encapsulation®?. Stress
relaxation timescales were tuned by varying the ratio of aliphatic (AA) and aryl (BA) aldehyde
crosslinker; AA hydrazone bonds were shown to relax 100% of the imposed stress within a minute,
whereas BA hydrazone bonds only relaxed about 75% of the total stress over the course of 14
hours. Encapsulated C2C12 myoblasts remained morphologically rounded in BA hydrazone
networks but displayed filopodia and lamellipodia with extended processes in faster stress relaxing
substrates with increased AA/BA ratio. Additionally, viscoelastic hydrogels with AA hydrazone
linkages supported myoblast fusion into multinucleated myotube-like structures, demonstrating
the ability for the dynamic network to permit cell behaviors necessary for myotube maturation. A
subsequent study demonstrated the compatibility of the hydrogel system with sensitive cell types
and the ability to characterize how biophysical signals influenced the level of cellular force
involved in adhesion and motor neurite extension?’!. Increasing the stoichiometric ratio of PEG-
hydrazine to PEG-aldehyde (2:1) resulted in lower cell toxicity and neurite extension from
embryoid bodies in a 3D scaffold compared to 1:1 hydrazine-aldehyde hydrogels. This finding is
supported by the fact that excess reactive aldehydes can potentially contribute to
neurodegenerative diseases???.

Similarly, by varying the percentage of alkyl aldehyde (aHz) and benzylaldehyde (bHz) in a
hydrazone-crosslinked hydrogel, Richardson et al. achieved stress relaxation times ranging from
one hour to one month ((t) ~4 x 10° s to ~ 3 x 10° s, respectively)??3. Hydrogels were fabricated
by reacting nucleophilic PEG-hydrazine with either alkyl- or benzylaldehyde-modified PEG;
rheological characterization demonstrated that increased bHz crosslinking corresponded with
slower relaxation times. While both primarily elastic (100% bHz, slow relaxing) and highly stress
relaxing (> 88% aHz, fast relaxing) hydrogels suppressed chondrocyte proliferation and
cellularity, hydrazone hydrogels with a combination of aHz and bHz crosslinks supported cellular
proliferation. In particular, a significant increase in proliferation, glycosaminoglycan deposition,
and collagen deposition was observed in the 22% bHz hydrogels (stress relaxation ~ 3 days). These
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results suggest that an average stress relaxation timescale of ~ 3 days is relevant for dense
chondrocyte growth and formation of high quality neocartilaginous tissue. This hydrogel system
was then used to understand how mechanical deformation, similar to a load-bearing joint, would
influence chondrocyte morphology?**. Chondrocytes were encapsulated in elastic (0% aHz),
viscoelastic (100% aHz), and mixed (78% aHz, 22% bHz) hydrogels and exposed to 20% uniaxial
compressive strain for 10 hours. Chondrocytes in the elastic hydrogels retained an ellipsoidal
morphology over the strain period and only recovered once the strain was removed. Conversely,
chondrocytes in viscoelastic hydrogels were able to recover to their unstrained rounded
morphology during deformation due to creep compliance behavior of the hydrogel network. The
optimized mixed viscoelastic hydrogel resulted in a slower recovery of the rounded morphology,
indicating that the network is composed of elastic and viscoelastic interactions. The viscoelastic
hydrogel groups (100% and 78% aHz) also showed greater distribution of nascent ECM protein
deposition and subsequently, decreased cellular deformation when subjected to compressive strain.

Hydrazone hydrogels incorporating protein cues

The stress relaxation properties of hydrazone bonds can also be exploited to recapitulate fibrillar
ECM. Lou and co-workers designed a HA-based IPN consisting of hydrazone bonds and type I
collagen with tunable viscoelastic regimes (Figure 5G-I1)°'. Instead of using oxidation to modify
the HA backbone with aldehydes (a common and quick method that can potentially compromise
the molecular weight distribution of the polymer backbone), aldehyde functionalization was added
to HA by first modifying HA carboxyl groups with alkynes (via carbodiimide coupling), followed
by a copper-catalyzed reaction to attach azide-functionalized hydrazines, aliphatic aldehydes (HA-
ALD), and benzyl aldehydes (HA-BLD). Consistent with previous findings, the hydrogels
containing hydrazine-aliphatic aldehyde hydrazone bonds displayed faster relaxation kinetics
compared to hydrazone bonds with benzyl aldehydes (Figure 5J). MSCs encapsulated within
faster relaxing dynamic substrates supported increased cell spreading (Figure 5K), reduced
roundness (Figure 5L), protrusions up to 100 um in length, collagen fiber alignment, and focal
adhesion formation indicative of robust integrin binding (IPN with HA-BLD > IPN with HA-
ALD) (Figure 5M)°!262,

Recent interest in independent tuning of mechanical and biochemical cues has led to the design of
hydrogels containing engineered elastin-like proteins (ELPs)?%%2%, Zhu and co-workers designed
a hydrazine-functionalized ELP (ELP-HYD) with modular repeats of structural and cell adhesive
sequences®”. When combined with aldehyde-modified HA (HA-ALD) at room temperature,
gelation rapidly occurred and stabilized within one minute. Hydrogel stiffness was varied by
controlling the crosslinking ratio between hydrazines and aldehydes as well as through polymer
concentrations. In general, higher polymer concentrations resulted in increasing stiffness, and this
was more sensitive to changes in ELP concentration. To minimize thermally-induced stiffening
effects and produce a group of hydrogels with similar storage moduli (G’), a lower concentration
of ELP was fixed (1.8 wt%) while HA concentration was varied (1.5, 3, or 5 wt%). Interestingly,
increasing HA caused a dose-dependent increase in gene expression of cartilage markers by
encapsulated chondrocytes, including aggrecan (Acan), SRY (sex determining region Y)-box 9
(Sox9), and type II collagen (Col2al). In addition, markers related to the undesirable fibrocartilage
phenotype, type I and type X collagens, were downregulated. Matrix metalloproteinase-13 (MMP-
13), a marker of cartilage remodeling, increased as HA concentration decreased — this suggests
that lower levels of HA enable greater degradation and matrix remodeling. Similarly, decreasing
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HA concentration led to increased chondrocyte proliferation. Deposition of cartilage-specific
matrix (sulfated GAGs) correlated with cartilage marker expression trends, and these observations
were consistent with previous reports showing increased matrix deposition resulting in decreased
cell proliferation. Overall, this study highlighted the importance of decoupling mechanical and
biochemical cues to probe cell-matrix interactions.

Disease-mimetic hydrazone systems

Several groups have also exploited the cytocompatible nature of hydrazone reactions toward the
design of relevant disease models. Dahlmann et al. designed an alginate- and HA-based hydrogel
system mimicking contractile myocardial tissue with hydrazone crosslinking capabilities to enable
a wide range of mechanophysical properties?®®. Gelation kinetics, stiffness, and viscoelasticity
were adjustable via the chosen polymer backbone, degree of polymer functionalization, and
temperature. Interestingly, incorporation of type I collagen into HA-containing substrates led to
increased active contraction force compared to collagen alone; passive forces were also dependent
on the substrate material properties (alg-alg > HA-alg > HA-HA > collagen). Finally,
cardiomyocytes on all hydrazone-based constructs exhibited elongated, aligned morphologies with
cross-striations and expression of the gap junction protein connexin 43, comparable to native
myocardium.

One important aspect in the design of pathologically-relevant disease models is the influence of
culture dimensionality on cell behaviors, particularly because of their differences in cell-cell and
cell-matrix interactions. Toward this objective, Suo et al. developed degradable hydrazone
hydrogels to compare cell morphology and growth factor expression as a function of culture
dimensionality?®’. Increasing the ratio of aldehyde-modified HA (oxidized HA, AHA) to
hydrazide-modified HA (glycidyl methacrylated 3,3’-dithiobis(propionic hydrazide), GHHA)
resulted in increased hydrogel stiffness. To control degradation, hyaluronidase and glutathione
concentrations were varied, demonstrating that the hydrogels were susceptible to enzymatic
hydrolysis and reduction. Human breast cancer MCF-7 cell morphologies differed between 2D
and 3D cultures, displaying more polygonal spreading in 2D compared to more rounded and
spherical morphologies throughout the 3D culture, similar to those seen in tumors. Interestingly,
cells in 3D hydrogels also proliferated at a greater rate due to increased area to grow. Expression
of breast cancer-relevant cytokines — vascular endothelial growth factor (VEGF), interleukin 8 (IL-
8), and basic fibroblast growth factor (bFGF) — as well as cell migration and invasion were all
significantly increased in 3D cultures. This suggests that the 3D microenvironment, which is more
hypoxic compared to 2D cultures, potentially provides increased tumorigenic capacity by
supporting more disease-relevant cell-cell and cell-matrix interactions.

In summary, dynamic covalent chemistries such as oximes and hydrazones have become
particularly attractive for the development of dynamic and mechanically compliant hydrogel
systems. The reactions proceed at physiologic conditions and tissue-relevant properties such as
viscoelasticity can be easily tuned. For this reason, both oxime and hydrazone chemistries have
been utilized in applications requiring shear-thinning and self-healing properties as well as for
studies focusing on the impact of material stress relaxation timescales on cell mechanobiology.
While oxime bonds are more stable than hydrazone bonds, hydrazone-based hydrogels have been
explored more in the biomaterials space because of their increased stress relaxation capabilities.
Additionally, imine bond formation is pH- and temperature-sensitive. Not surprisingly, one
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drawback to these mechanisms is the slow gelation kinetics. However, recent approaches
combining imine reactions with secondary crosslinking mechanisms have generated rapidly
gelling hydrogels that are structurally stable and viscoelastic.

7. Thiols

Thiol-based click hydrogel formation typically occurs under one of two mechanisms: the radical
thiol-ene/-yne reaction and the thiol-Michael addition'¢. Both mechanisms meet the criteria for
click chemistry with fast reaction kinetics, high yields of one regioselective product, requiring only
a small amount of catalyst, taking place in mild solvents, and reacting in air or water. Since the
thiol itself, which contains a sulthydryl group attached to a carbon, is what distinguishes these
reactions from other click chemistries it is worth discussing key characteristics of this chemical
species. There are a few commonly used thiols including alkyl thiols, aromatic thiols,
thiolpropionates, and thiol glycolates>*®. A number of biomaterials researchers have also taken
advantage of the sulfhydryl group in cysteine to incorporate peptide-based pendant groups and
crosslinkers in hydrogels***3%. The high nucleophilicity allows for greater selectivity during
crosslinking. Further, as outlined by Fairbanks et al., thiol-based click photopolymerization offers
an advantage over some other click chemistries in that it allows precise spatiotemporal control
over the reaction, which they demonstrated by toggling light exposure on and off to illustrate
modulus increase and stagnation, respectively??. A comprehensive discussion of thiols with
respect to pK,, nucleophilicity, and electrophilicity characteristics is covered in Hoyle et al.307.

Radical thiol-ene/-yne chemistry

Thiol-ene addition reactions function by a radical-mediated crosslinking mechanism where a thiol
attaches to an alkene. Thiol-yne photopolymerization reactions are similar to thiol-ene, with the
substitution of an alkyne for an alkene. While the thiol-ene mechanism follows a 1:1 stoichiometric
ratio of the two groups, the thiol-yne utilizes a 2:1 thiol-alkyne ratio®®®. This reaction mechanism
results in greater crosslink density and conversion rates compared to the thiol-ene reaction3®.
Thiol-ene/-yne reactions are most commonly done using light and a photoinitiator to produce
radicals3%%319 as opposed to other methods like temperature3!!. This mechanism is efficient, with
crosslinking occurring on time scales of seconds to several minutes, is useful for several different
alkene functional groups, and results in high yields3%. Photoinitiators like lithium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (LAP) and Irgacure 2959 (12959) are used to generate the initial
radicals that propagate through thiols upon light exposure. Briefly, once thiyl radicals are formed,
they follow an addition reaction across the double bond in the -ene, which in turn results in a
radical centered on a carbon that attaches to a thiol, producing another thiyl radical (Scheme 7).
This reaction follows a step-growth mechanism which includes initiation, propagation, and
termination steps. The termination step depends on the amount of thiol initially added, the number
of available -enes, the amount of photoinitiator, and/or the removal of the light source generating
the radicals.
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Scheme 7. Mechanism for radical initiated thiol-ene addition.

This reaction mechanism has been widely used in the field of macromolecules, with exemplary
work in the early 2000s by Bowman who studied the reaction kinetics®'?-314 as well as its potential
use in biomaterials applications®'>. While this mechanism enables facile regulation of the
crosslinking density and spatiotemporal control of the hydrogel formation, the use of toxic
photoinitiators which produce reactive radicals and light within the UV range may be harmful in
certain cell culture applications. However, highly sensitive pancreatic -cells remained viable
following encapsulation in UV (365 nm) photopolymerized PEG-norbornene hydrogels, and
resulted in higher cell viability compared to chain growth PEG-diacrylate polymerization
mechanisms?'®. This result is just one of many examples highlighting the tunability of the
functional group presentation and polymerization factors that can accommodate a variety of cell

types.

Thiol-Michael chemistry

Since the first publication of the thiol-Michael reaction in 1964, this mechanism has been widely
applied in the area of polymer chemistry, and more specifically biomaterial design®'”. By the early
2000s, the thiol-Michael reaction was being used to synthesize PEG hydrogels which paved the
way for developing thiol-Michael fabricated hydrogels for cell culture®'®31°, The thiol-Michael
addition reaction is a specific class of thiol-ene chemistry that occurs by crosslinking a thiol with
a double bond such as those found in commonly used functional groups for hydrogel design like
maleimides, vinyl sulfones3!8-320322 and (meth)acrylates?°. This reaction typically proceeds more
rapidly under basic conditions. The more electron-deficient the double carbon bond is, the more
readily it will undergo the thiol-Michael reaction?!>.

The base-catalyzed Michael addition leads to a thiolate anion which directly adds to the B-carbon
of'a double bond, producing a carbanion (Scheme 8). The carbanion obtains a proton from another
thiol or the conjugate acid and continues to completion. The yield as well as the kinetics rely on
the base strength and amount, the pKa and steric accessibility the thiol. In biomaterials
applications, commonly used bases are triethylamine or triethanolamine3?? mixed in PBS.

base-
catalyst ~ R
R-SH ——» R-§ ——— »

+

- . H
Scheme 8. Mechanism for the base-catalyzed thiol-Michael addition.

The Michael addition reaction does not require an especially strong base to produce a high yield
of crosslinks and does not generate reactive radicals like the thiol photopolymerization reactions,
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enabling the formation of hydrogels with Young’s moduli ranging from 1 kPa3** to 300 kPa3?0,
Along with the light-mediated thiol-yne reaction, there exists a non-radical mechanism that occurs
at a physiologic pH3?°. This has advantages over the photopolymerization mechanism, namely by
not producing radicals or requiring light sources which may be detrimental to cells and sensitive
therapeutic payloads. For more rapid thiol-Michael reactions, such as thiol-maleimide, nonuniform
crosslinking can result in more heterogeneous network formation3?6-328, The Peyton laboratory
designed a set of experiments exploring how the buffer concentration and pH, as well as polymer
concentration, changed the rate of the polymerization and subsequently investigated cancer cell
cytocompatibility within these systems326. Using a slightly acidic pH of ~ 6.0 and a lower strength
catalytic buffer afforded more optimal hydrogel properties with increased network homogeneity,
as measured by visual inspection and small particle diffusion experiments using fluorescent beads.
Darling et al. further examined how heterogeneous network formation of thiol-maleimide PEG
hydrogels led to a broader distribution of human dermal fibroblast spreading compared to those
encapsulated within hydrogels with more homogeneous network crosslinks3?’.

Ligand-decorated thiol-based hydrogels

Kasko’s group studied the effects of material stiffness and adhesive peptide presentation on lung
fibroblast activation by transforming growth factor B (TGF-B)3?°. The thiol-ene mechanism
enabled facile crosslinking of PEG-diacrylate to thiol-functionalized peptides of different
concentrations. By tuning the molecular weight of the monomer and the concentration of the
peptide, hydrogels were fabricated with storage moduli ranging from 10 kPa to 1 MPa.
Additionally, the type and concentration of the adhesive peptide could be tuned to control ligand
presentation. The authors chose an arginine-glycine-aspartic acid-serine (RGDS) sequence since
it is found in numerous ECM components like type I collagen, fibronectin, fibrinogen, and
vitronectin. They also examined aspartic acid-glycine-glutamic acid-alanine (DGEA) and IKVAV
sequences, which are found in type I collagen and laminin, respectively. Fibroblasts adhered to
both RGDS and DGEA-functionalized hydrogels, though the Ilatter required extreme
concentrations. While it was demonstrated that stiffness alone did not activate fibroblasts, the
RGDS-incorporated hydrogels altered actin cytoskeletal organization and focal adhesion
formation. Further, expression of the myofibroblast marker a-smooth muscle actin (a-SMA)
increased over time for cells on the stiffer materials, indicating that stiffness progressively drives
fibroblast activation.

In addition to investigating cell-matrix interactions, recent work has used thiol-Michael chemistry
to understand the combined effects of cell-cell and cell-matrix cues on MSC mechanobiology?3°.
Methacrylated HA hydrogels were functionalized via thiol-Michael addition with thiolated
HAVDI and RGD peptides to investigate cell-cell N-cadherin interactions and cell-matrix integrin-
mediated adhesion respectively. The presence of HAVDI decreased cell contractility as well as
YAP/TAZ nuclear translocation in MSCs at intermediate stiffnesses (E ~ 10 kPa) through
reduction of Racl activity, indicating that cell-cell N-cadherin interactions can alter how cells
sense and interpret the mechanics of their environment.
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Degradable thiol-crosslinked hydrogels

Recent work using thiol-ene chemistries to design cell-degradable hydrogels has advanced our
understanding of how cells sense their surrounding dynamic environments3°33!, Caliari et al.
studied how hydrogel stiffness and degradability influenced hMSC behavior in both 2D and 3D
cultures using norbornene-modified HA (NorHA) crosslinked with dithiol peptides via thiol-ene
photopolymerization (Figure 6A,B)*3!. While hMSCs demonstrated more spreading and
YAP/TAZ nuclear translocation as hydrogel stiffness increased from 1 kPa to 20 kPa on 2D
cultures (Figure 6C), encapsulated cells showed opposite trends with more spreading and
YAP/TAZ nuclear localization in lower stiffness (E < 5 kPa) proteolytically-degradable 3D
hydrogels (Figure 6D). Importantly, hMSCs encapsulated in mechanically equivalent but non-
degradable 3D hydrogels spread less and had reduced YAP/TAZ in the nucleus. These results
indicate that mechanosensing, specifically through YAP/TAZ, depends on hydrogel stiffness as
well as culture dimensionality and degradability.

It is critical to consider matrix degradation in 3D hydrogel cultures since cells are encapsulated
and sterically hindered within crosslinked networks, as opposed to 2D cultures where cells can
more easily spread and migrate. With this in mind, Lutolf et al. developed a multi-arm PEG
hydrogel containing vinyl sulfone moieties that underwent thiol-Michael addition with cysteine-
containing RGD integrin-binding domains and MMP-degradable peptides for cell adhesion and
enzymatic degradation, respectively (Figure 6E-G)3?!. They investigated human fibroblast
invasion from within fibrin clots encapsulated in the hydrogel network, where peptides with
increased MMP sensitivity enhanced cell invasion rates compared to less sensitive and insensitive
peptides. The results also indicated an optimal RGD concentration, with a peak in the extent of
fibroblast outgrowth occurring in the median range of concentrations investigated (42.5 and 85
uM, with a range from 2.5 to 340 uM). Crosslink structure within the 3D PEG hydrogels was
found to influence cell migration, with significantly lower invasion rates with increasing crosslink
density. Interestingly, the authors used the information gained from this in vitro study to implant
MMP-degradable hydrogels loaded with BMP-2 within rat cranial defects and found cells
permeated throughout the entire hydrogel within 4 weeks of implantation. Notably, the enhanced
healing response and bone regeneration depended on the increased sensitivity of the MMP-
degradable peptide, corroborating the in vitro results. Recently, Lutolf and coworkers improved
upon this design by successfully decreasing the network defects often found in thiol-Michael
hydrogels. With this system, they reported robust mouse intestinal organoid development that was
similar to those formed by the gold standard Matrigel (Figure 6H,I)332.
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Figure 6. Thiol click mechanisms are useful to explore cell behaviors in a variety of contexts. (A)
Norbornene-functionalized hyaluronic acid (NorHA) hydrogels were fabricated using UV light-mediated
thiol-ene addition with either non-degradable or MMP-degradable peptide crosslinkers. (B) 4 wt%
hydrogels with variable crosslinking densities were formed for 2D and 3D hMSC cultures to present a range
of mechanical cues. (C) Representative images and quantification show that for 2D cultures, increased
stiffness led to increased MSC spreading, reduced circularity, and greater YAP/TAZ nuclear translocation.
(D) In 3D culture, cell volume, circularity, and YAP/TAZ nuclear localization trends were reversed from
2D cultures as stiffness increased. Scale bars = 50 um. (A-D) adapted with permission from3*!. Copyright
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2016 Elsevier Ltd. (E) Thiol-Michael gelation was used to create 4-arm PEG macromers containing bi-
functional peptides, either at low or high polymer concentrations in which the hydrogels were formed
through stepwise co-polymerization with 4-arm PEG-vinyl sulfone and tetra-thiol peptide-functionalized
PEG macromers. (F) 4-arm and (G) 8-arm low defect thiol Michael (LDTM) hydrogels showed higher
shear moduli and lower swelling ratios compared to conventional peptide-containing PEG hydrogels. (H)
In both 4-arm and (I) 8-arm LDTM hydrogels of 2.5% w/v, 1x10* M RGD, mouse intestinal stem cells
formed colonies within 4 days of culture. Scale bars = 100 um. (E-I) adapted with permission from332,
Copyright 2020 WILEY-VCH.

Griffith’s group utilized the thiol-vinyl sulfone Michael addition to couple PEG-vinyl sulfone with
a variety of matrix-binding peptides, such as collagen I-derived, RGD, laminin 5-derived,
basement membrane binding, and MMP-sensitive peptides’?’. Epithelial cells and stromal
fibroblasts co-cultured within these hydrogels remained biologically active for two weeks of
culture as indicated by production of various cytokines and growth factors. The cell behavior
depended on hydrogel properties, including incorporation of an adhesive ligand recognized by
both cell types, cell-specific peptides that stabilize the secreted ECM, as well as a proteolytically
degradable peptide linker that allowed the cells to remodel the hydrogel networks. In an extension
of this work, crosslinkers susceptible to a sortase A (SrtA)-mediated transpeptidase reaction were
produced to enable user-directed and cell-independent hydrogel degradation to retrieve the co-
cultured cells for further downstream analyses®33. While the control group involving typical
protease degradation damaged roughly half of the cytokines and growth factors secreted by the
cells that the authors tested, the SrtA treatment only affected the IL-15 protein. These results
provide a method for recovering cells from within hydrogels with minimal damage to investigate
transcriptional and proteomic changes over time as the cells interact with each other and their
surrounding matrix.

Fairbanks ef al. also reported on the ability to biochemically control a PEG-norbornene hydrogel
crosslinked by incorporating MMP-degradable dithiol peptides3®. In comparison to the previously
discussed thiol-Michael hydrogels from Lutholf and Hubbell, PEG-norbornene thiol-ene
polymerized hydrogels displayed higher moduli even at similar molecular weights, likely caused
by an increased conversion of the functional groups in the radical photopolymerization. RGDS
functionalization was necessary for encapsulated MSC spreading; without RGDS the cells
remained rounded for all of the degradable peptides studied. The degree of cell spreading at
constant RGDS density depended on the structure of the MMP-cleavable peptide, where MMP-
tryptophan and MMP-alanine resulted in the highest and lowest cell spreading, respectively. In a
similar system, the Anseth group investigated the effects of neuronal axon outgrowth when
exposed to different cysteine-functionalized biochemical cues, RGDS and YIGSR**. Within 12
hours of encapsulation in peptide-modified hydrogels, motor axons exhibited outgrowth and
shapes typical of native motor neurons compared to unmodified PEG hydrogels or PEG hydrogels
without the MMP-degradable crosslinker.

Lin’s group also used thiol-ene photopolymerization to study the encapsulation of pancreatic
ductal epithelial cells (PDEC) in an MMP-degradable PEG-norbornene hydrogel®3>. Within just 4
days, the PDECs arranged into clusters, but their growth was limited by MMP sensitivity, adhesion
ligand presentation, and hydrogel mechanical properties. Notably, the authors found that the
laminin-derived YIGSR adhesive peptide promoted increased epithelial cell marker expression,
like B-catenin and E-cadherin, but less cell growth compared to RGDS presentation. The RGDS
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ligand also enhanced cyst-like morphologies in the PDECs, owing to how different ECM-mimetic
ligands produce different cell behaviors. In another study, the same group incorporated cysteine-
containing SrtA-sensitive peptides for user-controlled matrix degradation and found that hydrogel
softening increased encapsulated hMSC spread area®!8336. Notably, SrtA was incorporated into a
bis-cysteine peptide which allowed the authors to cyclically stiffen and soften the PEG-norbornene
hydrogel®*’. Pancreatic cancer cells displayed either a decrease or increase in spheroid size upon
hydrogel stiffening or softening, respectively. Encapsulating Huh7 or HepG2 liver cells into PEG-
norbornene hydrogels resulted in increased urea secretion, CYP3A4 — an important enzyme
responsible for toxin removal — and mRNA of hepatocyte genes CYP3A4, BESP, and NTCP,
which helped elucidate mechanisms of hepatitis B virology in vitro33%. Huh7 cells encapsulated
within thiol-norbornene hydrogels comprised of gelatin with varying stiffness or gelatin
concentration showed no significantly altered CYP3A4 activity or urea secretion®3°. However, the
immobilization of heparin — a sulfated glycosaminoglycan commonly found in the liver — onto the
hydrogel network led to Huh7s displaying greater urea secretion and CYP3A4 activity compared
to the hydrogels without heparin, which was likely caused by modified cell signaling due to
isolated growth factors in the media or released from cells®*. In a similar study, Lin et al. studied
the effects of matrix crosslinking and degradability on YAP regulation in encapsulated Huh7
cells’*! using a modified PEG system containing acrylate groups that could undergo
cytocompatible visible light photocrosslinking with thiol moieties?#>343. YAP expression was
suppressed in 3D versus 2D cultures and also in hydrogels that did not contain RGD.

Mechanically dynamic and viscoelastic thiol-crosslinked hydrogels

To better model the dynamic mechanical properties of native ECM during development, wound
repair, and disease, sequential crosslinking reactions allow control of hydrogel stiffness in the
presence of cells to probe the resulting cell-matrix interactions. Hydrogels formed using
methacrylated HA (MeHA) crosslinked through base-catalyzed thiol-Michael addition displayed
initial stiffnesses (E) of ~ 3 to 100 kPa, dependent on the thiol crosslinker concentration®#4, hMSCs
exhibited either rounded or elongated morphologies when cultured atop soft or stiff hydrogels,
respectively. Following in situ chain-growth UV photopolymerization of the remaining
methacrylates, which stiffened initially compliant hydrogels from 3 to 30 kPa, hMSC morphology
changed to more closely match that of cells initially seeded on the stiffer 30 kPa matrix. Long-
term culture on these hydrogels illustrated the effects of stiffening on differentiation, where earlier
or later stiffening promoted preferential adipogenic or osteogenic differentiation, respectively.

As a model for liver fibrosis progression, which results in gradual tissue stiffening, hepatic stellate
cells seeded on a similar hydrogel system displayed markers of myofibroblast activation including
more spreading, YAP/TAZ nuclear translocation, and a-SMA stress fiber organization when
stiffening under more cytocompatible blue light occurred at later timepoints*. Interestingly, the
authors suggested that the decreased cell spreading and myofibroblast marker expression seen in
earlier stiffening may be due to a lag in cell mechanosensing following enzymatic primary cell
isolation, an important consideration for mechanobiology studies using freshly isolated cells. To
mimic fibrosis resolution, incorporation of a thiol crosslinker containing hydrolytically labile ester
groups (combined with a non-degradable thiolated crosslinker) resulted in gradual softening, but
not complete hydrolysis, of the MeHA hydrogel**. Stellate cells seeded on the softening hydrogel
demonstrated a reduction in myofibroblast activation with decreased cell spreading as well as
YAP/TAZ and a-SMA expression, but assumed an intermediate phenotype and did not completely
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return to baseline behaviors exhibited on static soft hydrogels. Notably, re-stiffening through blue
light photopolymerization resulted in markedly rapid myofibroblast re-activation. The authors
suggested that this mimics in vivo hepatic stellate cell behavior following fibrosis resolution and
subsequent re-insult.

Groups have also looked at exploiting thiol-based click chemistries in multiple steps to investigate
the role of stiffness3?4, ligand presentation®*®, and ECM deposition3473*® on the mechanoregulation
of cell behavior. Petrou et al. leveraged the thiol-Michael and subsequent thiol-ene
photopolymerizations to investigate the effects of hydrogel mechanical cues on PDGFRa+
fibroblast behavior’*°. They found that fibroblasts cultured on the stiff as well as temporally
stiffened PEG a-methacrylate hydrogels showed greater cell activation, as measured by a-SMA
and Collal expression, than those on the soft PEG. A previously developed labeling method3*°
using SPAAC was implemented to visualize nascent protein deposition by cells encapsulated in a
variety of hydrogels, including Michael addition-formed MeHA and thiol-ene photopolymerized
NorHA substrates347-348, MSCs displayed spreading, preferential osteogenic differentiation, and
YAP/TAZ nuclear localization within either MMP-sensitive covalently crosslinked or dynamic
viscoelastic HA hydrogels. However, when nascent protein secretion or remodeling was inhibited,
the cells exhibited opposite trends, including preferential adipogenic differentiation, indicating that
cellular interactions with nascent proteins in 3D hydrogels are critical to mechanosensing.

Anseth’s group is well-known for their work involving PEG-based click reactions to study cell
behavior. Valvular interstitial cells (VICs) encapsulated within thiol-ene photopolymerized PEG-
norbornene hydrogels displayed more elongation and o-SMA expression, which decreased
following in situ secondary thiol-ene photocrosslinking®!. This study also highlighted the
opposing trends seen between 2D and 3D cultures, underscoring that culture dimensionality is a
key factor to consider when investigating cell behavior. More recently, the researchers explored
VIC contractility within this hydrogel system32. Through a combinatorial modeling and
experimental approach, they discovered that VIC contraction resulted in an increase in the
effective shear modulus of the 3D system, and that this contractility depended on the hydrogel
mechanics as well as the concentration of adhesion ligands.

Aside from PEG, researchers have investigated these click reactions in a variety of other polymeric
materials. Naturally-derived gelatin hydrogels provide adhesive ligands and enzymatic
degradation as opposed to unmodified synthetic systems like PEG. Lin’s group utilized thiol-ene
photocrosslinking of gelatin-based systems?>3 to create mechanically static soft or tyrosine-
induced stiffening hydrogels®>* either with or without HA to investigate encapsulated pancreatic
ductal adenocarcinoma (PDAC) cell morphology. They found that either a stiffening hydrogel
without HA or a soft HA-containing hydrogel reduced PDAC growth, but HA-containing
stiffening hydrogels resulted in significantly increased spreading. The authors suggest this is due
to upregulation of Racl, Rac2, RhoA, and Rafl mRNAs, which are all involved in Ras/MAPK
signaling. Notably, they also found upregulated genes involved in fibrosis, specifically TGF-32,
EGFR, and TGFBRI1 for cells encapsulated in HA-containing stiffening hydrogels33>.

Recently, a 4D hydrogel developed by Zheng et al. allowed control of biochemical and mechanical
cues in 3D culture through an initial thiol-Michael addition with methacrylated dextran and
dicysteine-containing MMP-sensitive peptides’®. At the same time, cysteine-bearing
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cyclo[RGD(DMNPB)fC] also attached to the methacrylates where subsequent UV light cleaved
the DMNPB group to activate the RGD peptide, allowing for control of cell adhesion in a
spatiotemporal manner. Under visible light and in the presence of a photoinitiator, the remaining
methacrylate groups underwent chain growth polymerization to further stiffen the hydrogel.
Fibroblasts encapsulated as embedded spheroids remained confined and did not migrate within the
initial hydrogel; however, when RGD was activated the fibroblasts migrated out of the spheroid
and into the surrounding dextran hydrogel. When the RGD-activated hydrogel underwent
secondary blue light stiffening, fibroblasts stopped migrating due to the increased crosslinks within
the hydrogel network. These results highlight the incredible tunability afforded with click-based
chemistries in hydrogel design as well as the competing effects of biochemical and biophysical
hydrogel properties on regulating cell behaviors such as migration.

Others have even leveraged photopatterning techniques to enable spatiotemporal control of
biochemical and biophysical hydrogel properties. Thiol-ene photopolymerization offers an
advantage in being relatively mild and quick which helps maintain the stability and function of
added signaling moieties. The Burdick group is most noted for their efforts in photopatterning HA-
based materials32336:357 Khetan et al. developed acrylate-modified HA to investigate cell
morphology when encapsulated in hydrogels crosslinked by either thiol-Michael addition, chain
growth photopolymerization, or sequential addition and photopolymerization in the presence of
RGD, MMP-degradable dithiol crosslinker, or both peptides3?3. In the sequential method,
photomasks were used to spatially control the secondary crosslinking reaction, where cells exposed
to the additional non-degradable crosslinks displayed rounded morphologies while the hydrogel
areas only containing MMP-degradable crosslinks exhibited spindle-like shapes. This system was
then applied to investigate aortic arch growth and MSC differentiation®38. Encapsulated arches as
well as MSCs in MMP-degradable hydrogels demonstrated robust outgrowth, while those in the
non-degradable photopolymerized hydrogels did not; the same results occurred for arches and
MSCs within hydrogels patterned with regions of the secondary photopolymerization,
underscoring the importance of degradability for creating 3D hydrogels permissive to normal
mechanical signaling. Gramlich ef al. made use of the thiol-ene photoclick reaction to first create
a norbornene-modified HA hydrogel that could undergo secondary thiol-mediated
photocrosslinking to pattern regions of increased crosslinking and/or pendant thiolated peptides
like RGD3Y7.

Numerous recent studies have highlighted the importance of designing hydrogels mimicking the
viscoelasticity of native tissue to study mechanobiology37-61:393%0 For example, dynamic PDMS
substrates, which are inherently viscoelastic, could be stiffened using thiol-ene chemistry to
promote increased cardiac fibroblast activation compared to softer PDMS matrices®¢!. Noting that
many native tissues are viscoelastic and display time-dependent stress relaxation, Hui et al.
developed NorHA hydrogels photopolymerized with dithiol crosslinkers while also containing 3-
cyclodextrin-functionalized HA and thiolated adamantane-modified peptides to create a hybrid
hydrogel network combining stable covalent crosslinks and guest-host supramolecular interactions
to impart viscoelasticity’’. Human hepatic stellate cells (LX-2s) seeded atop the viscoelastic
hydrogels exhibited reduced spreading, actin stress fiber organization, and MRTF-A nuclear
localization compared to elastic hydrogels. Additionally, thiol-ene photochemistry was leveraged
to spatially pattern stiffer more elastic hydrogel regions interspersed within more compliant and
viscoelastic non-patterned regions to mimic the heterogeneous emergence of fibrotic nodules in
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liver fibrosis. Stellate cells responded to the patterned mechanical properties in a spatially selective
manner with cells more spread in the stiffer elastic photopatterned regions.

Structured thiol-based hydrogels

Thiol-ene photopolymerizations also afforded the ability to create hydrogels with hierarchical
structures by tethering self-assembling collagen-mimicking peptide fibrils to tetra-thiol PEG3¢2,
hMSCs displayed more elongation as the concentration of the collagen peptide mimic increased,
with the authors describing notable “hole” regions where the cells seem to form donut clusters, in
stark contrast to typical cell behavior in PEG hydrogels crosslinked with non-assembling peptides.
In a similar study, Reynolds ef al. formed an initial cell-laden fibrillar collagen structure that was
later reinforced with photocrosslinked PEG -norbornenes and -dithiols to create an IPN mimicking
in vivo collagen microarchitecture3®®. By confining metastatic breast cancer cells to increasingly
stiff IPNs, the cells expressed less malignant behavior such as proliferation, therefore impeding
tumorigenesis.

Along with incorporating fibrillar architecture into hydrogel networks, researchers also have taken
advantage of microgels to engineer microscale porosity into 3D culture systems. Xin et al. packed
PEG-norbornene microgels together and photocrosslinked them with the addition of PEG-
dithiol*°!, hMSCs proliferated around the microgels and into the surrounding micropores within
24 h following encapsulation, but this behavior depended on the concentration of the crosslinker
and the photoinitiator; cell proliferation increased for microgels made with lower PEG
concentrations, even though the microgel porosity decreased. Cells displayed greater Y AP nuclear
localization in microgels of increasing stiffness, indicating that mechanical properties of the
microgel scaffold influence cell mechanosensing in a similar manner to 2D cell culture. Using this
same system, cell response was evaluated to either fast tryptophan-functionalized or slow proline-
containing degradable crosslinks incorporated within the microgels3®*. hMSCs proliferated more
in both degradable groups, especially in the fast degrading group, compared to non-degradable
microgels after 2 days of culture, suggesting that the degradability allowed for enhanced cell
proliferation. Further, cells secreted OPG, a marker of osteogenic differentiation, in the fast
degrading group with either the a5SP1 peptide c(RRETAWA) — which induces osteogenesis — or
RGDS modification. Segura’s group also explored the design of microporous annealed particle
scaffolds to study human dermal fibroblast mechanobiology3%3. HA-norbornene microgels were
formed through photocrosslinking with dithiothreitol before annealing with a PEG-tetrazine
crosslinker that was synthesized through base-catalyzed thiol-Michael addition. Fibroblasts
displayed increased spreading and proliferation when cultured within scaffolds made with a lower
degree of annealing since they could more easily remodel the scaffold network.

In summary, significant advantages of thiol-based click reactions over other click chemistries
include the versatile range of groups that can undergo click reactions with thiols and the ability to
typically perform these reactions under mild conditions. This has led to a wide breadth of hydrogel
designs with reaction kinetics that are often faster than other click chemistries. However, because
thiols are so highly reactive in both radical or catalyzed conditions, these mechanisms may not be
as selective as other chemistries since they can undergo both reactions simultaneously, which may
complicate therapeutic delivery if the payload contains reactive thiols or -ene groups, for
example3%%3%7. For more information regarding thiols, the complete chemistry of the thiol-ene/-
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yne and Michael-type reactions, and other applications of thiol-based reactions, the reader is
referred to more extensive reviews on these mechanisms!6-298,307.308,366,368

8. Conclusions and future directions

Native tissues are highly dynamic and intricate systems containing hierarchical levels of physical
and biochemical cues spanning multiple length and time scales. As researchers endeavor to
uncover important details about the cell-cell and cell-matrix interactions governing cell behavior
in both normal and diseased tissue states, the development of advanced multi-responsive
biomaterial models of tissue becomes increasingly important. Click chemistry is a powerful tool
to guide the design of tunable biomaterials for studying cell mechanobiology. Several classes of
click reactions have been identified and are continuously being refined to meet various design
criteria of cell culture systems. Importantly, click-based hydrogels allow simple, independent
manipulation of critical cell-instructive cues such as stiffness, viscoelasticity, degradability,
adhesion, and growth factor presentation.

The diversity in click chemistries and reaction pairs, from initial efforts applying CuAAC
chemistry to achieve fast and efficient kinetics with limited side product formation, is ideal for the
development of a suite of hydrogel systems covering multivariate applications (Table 2). Hydrogel
mechanics and gelation kinetics can easily be tuned by varying polymer concentration (stiffness),
click pair reactivity (reaction rate), ratio of reagents (stiffness, viscoelasticity), crosslinking density
and type (stiffness, viscoelasticity), and biomolecule ligand presentation. Rational selection of
click reaction pairs —using electron-rich dienes or electron-poor dienophiles for Diels-Alder
hydrogels, increasing SPAAC cycloalkyne strains, or substituting in more electron-withdrawing
groups in an IEDDA system — has enabled more efficient gelation rates. Increasing reaction
kinetics can allow more rapid cell encapsulation for 3D cultures. Slower gelation via Diels-Alder,
hydrazone, and oxime chemistries, has shown utility for creating cell-laden injectable and self-
healing platforms. Varying hydrazone and oxime reactive group ratios allows for modulation of
time-dependent, viscoelastic properties like stress relaxation. External stimuli such as temperature,
pH, initiators, or catalysts can also aid in primary and secondary chemistries to enable
spatiotemporal control over physical and biochemical cues. Radical- and light-mediated thiol-ene
and thiol-yne additions yield systems with high levels of spatiotemporal control, useful for
studying the impact of multiple cues on cell behaviors.

Click chemistry | Common applications/uses Future directions
2D cell cultures!06:107
1 7 1 369-372
CuAAC Biomolecule conjugation Non-toxic catalyst for 3D cultures''537
Patterned hydrogels via photochemical Cu(II)
reduction'®
3D cell cultures!?>123
pH-mediated degradation!'3¢ Dual-crosslinked hydrogels!?6:143
SPAAC
Biomolecule conjugation!?%142 Tissue regeneration applications!?+!44
Stress relaxing hydrogels'?%127
Diels-Alder Shear thinning and self-healing (injectable) materials!”? Biomolecule presentation and release!®’
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Controlled degradation via temperature or pH'7173:191 Thermosensitive hydrogels for controlled
degradation'62175.176

Drug/protein delivery!6%174
Tissue regeneration applications!”%!7!
Tumor models'4!%
3D cell cultures?!2233

Multilayer hydrogel microsphere formation?*
I[EDDA Biomolecule bioconjugation?3-2*
Cancer cell spheroid encapsulation?'®
Dual-crosslinked hydrogels?**

- 1 287
pH- and temperature-mediated viscoelastic Dual-crosslinked hydrogels

Oxime
hydrogels®2® Photo-mediated oxime ligation?¥’
Viscoelastic hydrogels62293.294
Interpenetrating network (IPN) hydrogels®!
Hydrazone Sutureless tissue implantation?-2%0
3D bioprinting of cell-laden scaffolds?”!
Biomolecule conjugation®
3D cell cultures306.321,338.352
Spatially patterned hydrogels®”304323357
Biomolecule conjugation3?0-329.330
Thiol-based 3D bioprinting of cell-laden scaffolds?7"374375

Dual-crosslinked hydrogels (in combination with other
click chemistries)!03:123.174.209.235.236 Dynamic platforms with temporal control over mechanical
and chemical instructive cues?6:344.345,349.351,354

Structured hydrogels (e.g., fibrillar architecture)302363

Table 2. Summary of current and future applications for each click chemistry reaction.

The simplicity of click reactions allows for a more in-depth perspective into how particular
mechanisms, such as stress relaxation timescales, can influence cell morphology, nuclear
localization of transcriptional mechanoregulators, migration, and differentiation in both 2D and
3D cell culture systems. Several click chemistries can be spatiotemporally combined within a
single system, creating an array of dynamic materials in which cell-instructive cues can be added
to coincide with disease progression. For instance, a simple yet effective approach that has been
applied to several systems is to introduce a secondary photomediated thiol-ene reaction for
spatiotemporal presentation of stiffness, viscoelastic, or adhesive cues as well as tethered
biomolecules. Dynamic chemistries utilizing dual crosslinking schemes have been used to
influence subsequent mechanical properties in the presence of cells (e.g., using orthogonal
wavelengths of light to trigger hydrogel stiffening or softening). These multi-factorial systems
have enhanced our understanding of the complex mechanisms governing biological processes.
Although current studies have already begun to demonstrate the power of click chemistry to design
and tune biomaterials for cell culture, further research is needed to improve our understanding of
how physical cues individually contribute to tissue regeneration and disease processes, as well as
how we can exploit the specific and quick nature of click reactions to repair, replace, and treat
diseased tissue.

Continued development toward integrating multiple mechanical and chemical cues in a user-
controlled manner will be essential to mimic the complex behaviors of tissues, particularly during
disease processes. Fortunately, there are several emerging areas that click-assembled cell culture
models could specifically help address. Advancements toward spatiotemporally patterned
biomaterials that capture the heterogeneity of healthy and disease tissues will help establish models
that can be used to study pathological cell behaviors. For example, photoclick chemistries such as
radical-mediated thiol-ene addition have already shown promise toward achieving this objective
because there is a high degree of control of when and where the reaction will take place. Dynamic
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materials, such as those involving dual-crosslinking approaches, allow cell-instructive cues (e.g.,
stiffness, viscoelasticity, ligand presentation) to be added to coincide with disease progression,
furthering our understanding of how temporally presented signals regulate cell phenotype. Another
promising avenue is multi-stimuli responsive hydrogels that can respond to various triggers such
as light, pH, temperature, and redox state to independently manipulate physical, chemical, and
mechanical properties. Utilizing click chemistry, development of these techniques will continue to
expand the field toward the rational design of dynamic yet well-controlled hydrogel platforms.
Looking ahead, click reactions should provide accessibility toward investigating complex
combinatorial microenvironments. High-throughput arrays that can easily introduce physical cues
and bioactive molecules in a single step can help address challenges in trying to increase clinical
relevance of biomaterial systems without sacrificing user control or convenience3’S.
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