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Bioorthogonal Strategies for Engineering

Extracellular Matrices

Christopher M. Madl and Sarah C. Heilshorn*

Hydrogels are commonly used as engineered extracellular matrix (ECM)
mimics in applications ranging from tissue engineering to in vitro disease
models. Ideal mechanisms used to crosslink ECM-mimicking hydrogels

do not interfere with the biology of the system. However, most common
hydrogel crosslinking chemistries exhibit some form of crossreactivity. The
field of bioorthogonal chemistry has arisen to address the need for highly
specific and robust reactions in biological contexts. Accordingly, bioorthog-
onal crosslinking strategies are incorporated into hydrogel design, allowing
for gentle and efficient encapsulation of cells in various hydrogel materials.
Furthermore, the selective nature of bioorthogonal chemistries can permit
dynamic modification of hydrogel materials in the presence of live cells and
other biomolecules to alter matrix mechanical properties and biochemistry on
demand. This review provides an overview of bioorthogonal strategies used to
prepare cell-encapsulating hydrogels and highlights the potential applications

To be a suitable platform for cell
encapsulation, hydrogel crosslinking and
functionalization chemistries must be com-
patible with living cells. Many approaches
for 3D cell encapsulation utilize covalent
crosslinking reactions as covalent bonds
provide greater stability than physical
crosslinking and can thus better main-
tain matrix properties over time and can
typically achieve a higher range of mate-
rial stiffness. At present, most covalent
hydrogel crosslinking chemistries make
use of either photoinitiated radical poly-
merization or chemical crosslinkers that
react with common functional groups such
as amines and sulfhydryls. The poten-
tial off-target effects of these crosslinking

of bioorthogonal chemistries in the design of dynamic engineered ECMs.

1. Introduction

The native extracellular matrix (ECM) serves not only as a scaf-
fold to organize cells into tissues but also as a rich source of
cues that guide cell fate decisions. Both the mechanics and
biochemistry of the ECM modulate cellular behaviors such as
migration, proliferation, and differentiation.l!' Accordingly,
engineering synthetic ECMs with tunable properties is a prom-
ising approach to control cell phenotype for applications in
tissue engineering, regenerative medicine, and in vitro disease
models. The native ECM is a water-swollen network, predomi-
nantly consisting of proteins and polysaccharides. In order to
mimic these properties of the ECM, hydrogels composed of
natural polysaccharides, natural and engineered proteins, and
synthetic polymers have been used to encapsulate cells for 3D
culture and transplantation.?!
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methods must be taken into account when
designing hydrogel ECM mimics for cell
encapsulation. For example, photoinitia-
tors used in radical polymerizations may
be cytotoxic, and exposure to UV light commonly used in these
polymerizations may induce DNA damage.** Other chemical
crosslinkers that react with amines and sulthydryls can react with
these same functional groups present in cell-surface proteins,?
potentially altering the phenotype of the encapsulated cells. To
limit the potential confounding effects of hydrogel crosslinking
reactions on cellular phenotype, the ideal gelation chemistry
would be bioorthogonal (Figure 1). Here, we define bioorthogonal
reactions as those that make use of chemical reaction pairs that
(1) do not naturally occur in biological systems, (2) do not cross-
react with functional groups that are present in biology, and (3) do
not require cytotoxic catalysts or produce cytotoxic byproducts.[®
The field of bioorthogonal chemistry was pioneered by Ber-
tozzi and co-workers with the development of the Staudinger liga-
tion as a method for selectively labeling cell-surface glycans.[®”]
The Staudinger ligation utilizes two reaction partners that are
absent from biological systems, an azide and a functionalized tri-
arylphosphine, to form a stable amide bond.! This reaction was
demonstrated to be robust and highly specific in complex bio-
logical contexts, including labeling glycoproteins in cell lysates!®!
and on cell surfaces within live mice.’) Limitations including
slow reaction kinetics and susceptibility of the triarylphosphines
to oxidation led the Bertozzi lab to identify strain-promoted
azide-alkyne cycloaddition (SPAAC) as a second bioorthogonal
ligation reaction.l®!%) SPAAC makes use of azides and strained
cyclooctynes to yield stable triazole linkages via 1,3-dipolar
cycloaddition.'] The initial cyclooctyne reaction partner exhib-
ited similarly slow reaction kinetics to the Staudinger ligation,
but further work by Bertozzi and co-workers,!''12l Boons and
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co-workers,3! van Delft and co-workers,'*?3! and Popik and co-
workers!'® generated variants with rate constants enhanced by
up to two orders of magnitude. Similar to the Staudinger liga-
tion, SPAAC ligation was demonstrated to be bioorthogonal in
vivo, permitting selective labeling of azide-bearing cell surface
glycans in developing zebrafish embryos.[1”]

The bioorthogonal SPAAC reaction is sometimes termed
“copper-free click chemistry” to contrast with the original
“click” reaction, copper(I)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC), developed independently by the Sharpless and
Meldal labs.®! According to the criteria for bioorthogonal reac-
tions presented above, the original CuUACC reaction would not
be considered bioorthogonal due to the use of a cytotoxic copper
catalystl®) although copper-binding ligands have been developed
to permit CUACC reactions on live cells.’ This example serves
to highlight an important distinction between click chemistry
and bioorthogonal chemistry, two often conflated terms. Sharp-
less and co-workers defined click chemistry as reactions that
are “modular, wide in scope, give very high yields, generate
only inoffensive byproducts that can be removed by nonchro-
matographic methods, and be stereospecific (but not necessarily
enantioselective).”2% Such reactions should require “simple
reaction conditions (ideally, the process should be insensitive to
oxygen and water), readily available starting materials and rea-
gents, the use of no solvent or a solvent that is benign (such
as water) or easily removed, and simple product isolation.”2%]
Therefore, the term “click chemistry” encompasses a broader
range of reactions that are robust, but not necessarily free of off-
target effects, in biological contexts. Such click reactions that are
commonly used in hydrogel synthesis would include 1,4-con-
jugate additions (i.e., thiol-vinyl sulfone and thiol-maleimide
reactions), aldehyde-nucleophile reactions (hydrazone and
oxime ligations), and photoactivated thiol-ene coupling. These
reactions have the potential for substantial crossreactivity with
functional groups present in biological systems, including sulf-
hydryls, amines, and aldehydes, precluding these reactions from
being truly bioorthogonal. The distinctions between click chem-
istry and bioorthogonal chemistry are summarized in Figure 2.
This review focuses on bioorthogonal techniques to crosslink
and functionalize hydrogels as engineered ECMs. For detailed
discussions of other click reactions used to prepare hydrogel
matrices, the reader is referred to several excellent reviews.[>?!]

In this review, we discuss bioorthogonal approaches to pre-
pare covalently crosslinked hydrogels and identify supramo-
lecular assembly as a candidate mechanism of bioorthogonal
physical crosslinking. Beyond crosslinking chemistries, the
bioorthogonal nature of the reactions discussed can facili-
tate dynamic modification of hydrogels in the presence of live
cells. The native ECM is highly dynamic and is remodeled
throughout development and in response to disease, changing
its biochemical composition and mechanical properties.?2l We
also explore how bioorthogonal chemistries can be adapted to
mimic this dynamism in engineered hydrogel matrices.

2. Bioorthogonal Chemistries for Hydrogel
Crosslinking

The predominant application of bioorthogonal chemistries in
hydrogel-based cell matrices is in the design of cytocompatible

Adv. Funct. Mater. 2018, 1706046

1706046 (2 of 21)

www.afm-journal.de

Christopher M. Madl
obtained a B.A. and an M.S.
in Biomedical Engineering
from Harvard University

in 2012 and a Ph.D. in
Bioengineering from Stanford
University in 2017. He is
now a postdoctoral fellow

in the Baxter Laboratory for
Stem Cell Biology at Stanford
Medical School. His research
interests focus on the design
of dynamic hydrogel platforms to study and regulate stem
cell behavior.

Sarah C. Heilshorn is the

Lee Otterson Faculty Scholar
and Associate Professor in
the Department of Materials
Science and Engineering at
Stanford University. She holds
courtesy faculty appoint-
ments in the Departments

of Chemical Engineering

and Bioengineering and is

a Bass University Fellow in
undergraduate education. Her
laboratory integrates concepts from materials engineering
and protein science to design new, bioinspired materials for
applications in disease modeling and regenerative medicine.

and robust crosslinking reactions. Truly bioorthogonal reac-
tions can proceed under physiological conditions (pH 7.4 saline
at 37 °C) and in the presence of cell culture medium supple-
ments and live cells. Such reactions do not produce cytotoxic
byproducts and will not crossreact with functional groups
present on the surface of cells. For these reasons, bioorthog-
onal crosslinking chemistries are a very mild approach to pro-
duce cell-encapsulating hydrogels. An additional benefit of this
selectivity is that the reactions are resilient against variations
in biomolecular composition. For instance, cell-adhesive pep-
tides or growth factors can be incorporated into bioorthogonally
crosslinked hydrogel networks without off-target crosslinking
during gelation. In contrast, covalent crosslinking strategies
using amine or sulfhydryl reactive crosslinkers would have
the potential to react with peptides and proteins, altering the
bioactivity and/or release of these factors. This section pro-
vides an overview of bioorthogonal ligation chemistries used
to crosslink hydrogels and presents alternative chemistries that
may be employed in future hydrogel design. Bioorthogonal
crosslinking chemistries used in hydrogel synthesis are sum-
marized in Table 1.

Two important considerations for choosing bioorthogonal
chemistries to prepare engineered ECMs are the kinetics of the
crosslinking reaction and the complexity of the chemical syn-
thesis for the hydrogel precursors functionalized with bioorthog-
onal reaction pairs. Ideal gelation reactions for applications such
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Figure 1. Bioorthogonal reactions make use of reactive groups that do not naturally occur in biological systems, react selectively to avoid crossre-

activity with various biological functional groups, and do not produce toxic byproducts or require toxic catalysis. In the context

of hydrogels as engi-

neered ECMs, bioorthogonal chemistries can be used to crosslink the hydrogel and modulate the presentation of biochemical signals. Two example
bioorthogonal reactions, strain-promoted azide—alkyne cycloaddition in blue and tetrazine-mediated inverse-electron demand Diels—Alder reaction in
green, are depicted to form a hydrogel (black network) adjacent to the cell surface (blue lipid bilayer). Common biological functional groups present

on the cell surface that may be targets of crossreactivity in non-bioorthogonal reactions are also depicted in red.

as cell encapsulation would complete crosslinking within sec-  of polymer functionalization, choosing a crosslinking chemistry

onds to minutes to maintain homogeneous cell distribution in  with an appropriate reaction rate is the first

step in designing

3D. While numerous design factors collectively determine gela-  hydrogels suitable for cell encapsulation. Crosslinking time and
tion time, including the reaction rate of the crosslinking moie-  number of synthetic steps are plotted in Figure 3 for the various
ties, the concentration of the hydrogel precursors, and the degree ~ bioorthogonal crosslinking reactions discussed in this section.
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Figure 2. Various “click”-type reactions have been employed in hydrogel systems, but only a few examples fit a rigorous definition of bioorthogonality.
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Table 1. Bioorthogonal chemistries to crosslink hydrogels.
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Considerations for Selecting Bioorthogonal
Crosslinking Chemistries
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Figure 3. Crosslinking time and synthetic complexity are two important parameters to consider
when selecting bioorthogonal reactions to prepare hydrogel-based engineered ECMs. The time
to complete crosslinking, as determined by the time to reach plateau storage modulus, is
plotted on the x-axis, and the total number of synthetic steps to make the hydrogel precursors is
plotted on the y-axis, for various previously published crosslinking chemistries. It is important
to note that other factors, such as precursor concentration and degree of polymer function-
alization, influence crosslinking time in addition to the chemical reaction used. The year in
which each hydrogel system was reported is denoted next to each data point. Over time, as
synthetic schemes have been optimized and bioorthogonal reaction precursors have become
commercially available, the number of synthetic steps required has in general decreased.
Those data points with an asterisk (*) next to the year could now be completed in three or
fewer synthetic steps with commercially available reagents. These data were compiled from
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permitted control over the mechanical prop-
erties of the hydrogels.l”]

Following this initial work, other groups
have used cyclooctyne-based = SPAAC
crosslinking to prepare injectable hydrogel
formulations that gel in situ. Takahashi
et al. employed azide- and unsubstituted
cyclooctyne-modified hyaluronic acid (HA)
to prepare hydrogels for cell encapsulation
and in vivo transplantation.?¥l Gels injected
into the murine peritoneum exhibited only
mild inflammation with no detrimental
tissue adhesions and were cleared within
3 weeks.?8l Similarly, PEG hydrogels pre-
pared from azide- and monofluorinated
cyclooctyne-functionalized polymers evoked
a minimal immune response characterized
by infiltration of immune cells and mild
scar tissue formation when subcutaneously
injected into mice.?’! Cyclooctyne-modified
HA crosslinked with azide-modified PEG
also served as cytocompatible hydrogel scaf-
folds, maintaining high viability and facili-
tating proliferation of encapsulated COS-7
cells.l3%

One limitation with the early cyclooctyne
derivatives was slower than desired reaction
kinetics,/l which resulted in gelation times
on the order of tens of minutes to achieve

refs. [25,28-35,51-54,56,58,59,62,64-66,68,70,71,74,78,133].

2.1. Azide-Alkyne Cycloaddition

Azide-alkyne cycloaddition is the most common bioorthogonal
technique used to prepare cell-encapsulating hydrogels. While
the first hydrogel materials crosslinked via azide-alkyne cycload-
dition made use of copper(l) as a catalyst,?’l the potential for
copper cytotoxicity has prevented this approach from becoming
widely used for cell encapsulation. Nevertheless, certain cell
types and hydrogel formulations have been shown to tolerate
exposure to copper during the crosslinking process,?* and
copper-binding ligands known to reduce cytotoxicity!*®l could be
employed during crosslinking in other systems.

To overcome limitations of copper cytotoxicity, DeForest et al.
built upon work in the Bertozzi lab using difluorinated cyclooc-
tynes (DIFO) for strain-promoted azide-alkyne cycloaddtion!!!
to prepare bioorthogonally crosslinked poly(ethylene glycol)
(PEG) hydrogels for cell encapsulation.”! Azide-functionalized
4-arm PEG was crosslinked with peptides functionalized with
DIFO on the N- and C-terminal amino acids (Figure 4A).>] The
sequence of the peptide crosslinker was chosen to be degra-
dable by cell-secreted matrix metalloproteinases (MMPs) to
permit cell spreading and migration.?¥! The onset of gelation
occurred within minutes, and gelation was complete within
1 h (Figure 4B).2] As expected based on the bioorthogonal
nature of the crosslinking reaction, encapsulated fibroblasts
remained highly viable 24 h after gelation (Figure 4C).>°! Later
studies demonstrated that altering the molecular weight of the
PEG macromers or the molar ratio of azide to DIFO groups
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complete crosslinking.>?-3% In the con-

text of improved kinetics for bioorthogonal
labeling, Bertozzi and co-workers, van Delft and co-workers,
and Popik and co-workers independently reported up to an
order of magnitude increase in reaction rates when using
cyclooctynes fused to two benzyl rings, with an amide-bonded
nitrogen inserted into the cyclooctyne ring.'>141% Similar
dibenzylcyclooctynes (DBCO) have been utilized to crosslink
hydrogels for orthopedic tissue engineering applications. Her-
mann et al. used PEG macromers functionalized with azides
and DBCO groups to form injectable hydrogels to deliver a
bone morphogenetic protein inhibitor in a murine craniosynos-
tosis model.*! These DBCO gels exhibited more rapid gelation
kinetics than earlier cyclooctyne variants, completing gelation
in less than 2 min.’Y Wang et al. demonstrated that dextrans
crosslinked by azides and DBCO groups facilitated matrix dep-
osition by encapsulated chondrocytes,*?l and Zheng et al. used
DBCO-modified PEG hydrogels as scaffolds for mesenchymal
stem cell (MSC) culture.®*!

While the introduction of DBCO groups increased the rate
of the crosslinking reaction, DBCO, like the previous cyclooc-
tyne variants, required complicated and low-yielding syn-
theses.l’®l To overcome this limitation, Dommerholt et al.
fused a cyclopropane ring to cyclooctyne to generate a highly
strained bicyclononyne (BCN) that reacted with comparable
rates to DBCO while requiring fewer synthetic steps.’ In a
hydrogel context, DeForest and Tirrell later employed BCN-
functionalized PEG macromers to prepare SPAAC-crosslinked
gels.3Y BCN-based reactions have also been used to prepared
hydrogels comprised of engineered recombinant elastin-like

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) Schematic depicting hydrogel formation from azide-functionalized PEG and DIFO-functionalized peptides crosslinked via SPAAC. B) The
SPAAC-crosslinked materials gel within minutes and complete crosslinking in =1 h. C) Fibroblast cells encapsulated within the gels remain viable 24 h
post-crosslinking, as observed by live/dead assay. Green: live; red: dead. Panels (A)—(C) reproduced with permission.?l Copyright 2009, Nature Pub-
lishing Group. D) Schematic depicting bioorthogonal crosslinking of engineered elastin-like proteins via SPAAC or Staudinger ligation. E) The SPAAC
crosslinked samples complete crosslinking within minutes, while the Staudinger samples crosslink on the order of 1 h. Both F) human mesenchymal
stem cells (MSCs) and G) murine neural progenitor cells retain their appropriate phenotypes when cultured within the SPAAC-crosslinked ELP hydro-
gels, as observed by immunocytochemistry. Blue: nuclei (DAPI); red: F-actin (phalloidin); green: Nestin. Panels (D)—(G) reproduced with permission.’!

Copyright 2016, John Wiley and Sons.

proteins (ELPs).*>>7l The modular design of ELPs permits
independent tuning of matrix mechanics and biochemistry,
including cell-adhesive ligand presentation and susceptibility to
proteolytic degradation.’8! However, traditional approaches to
prepare hydrogels from these materials relied on crosslinking
functional groups on the amino acid side chains, such as pri-
mary amines of lysines,3®39 resulting in possible undesired
crosslinking of cell surface proteins. Functionalization of
lysine residues with azide or BCN moieties,* or function-
alizing tyrosine residues with an azide linker via an ene-type
reaction,*®l permitted cell encapsulation in ELP hydrogels via
bioorthogonal crosslinking while retaining decoupled control
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of matrix stiffness and adhesive ligand density (Figure 4D).
Crosslinking in these materials proceeds to completion on the
order of 1-2 min, and the hydrogels support the 3D culture of
multiple cells types, facilitating high viability and maintenance
of the appropriate cellular phenotypes (Figure 4E-G).3>3¢l

An important caveat regarding the bioorthogonality of
SPAAC is the mild reactivity of cyclooctynes toward free thiols,
such as those found in cysteine side chains. Several groups
have reported thiol-yne reactions using various cyclooctynes
under physiological conditions.['24%*1l Nevertheless, the low
abundance of free thiols in most biological systems and the
significantly higher reaction rates for SPAAC compared to

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

thiol-yne reactions support the characterization of SPAAC as
a nearly bioorthogonal reaction. For example, the second order
rate constant for the BCN-azide reaction (k, = 107! m7! s3]
is approximately three orders of magnitude greater than the
rate constant for the BCN-thiol reaction (k, = 107 m~! s71).[*l
For comparison, the rate constant for the thiol-maleimide
reaction is over 700 m~' s”L* Thus, hydrogels crosslinked
by traditional thiol-reactive chemistries have a much greater
potential for undesired cell-surface protein crosslinking than
those crosslinked by SPAAC.

In addition to SPAAC, uncatalyzed azide-alkyne cycloaddi-
tion can be achieved in water using terminal alkynes with adja-
cent electron-withdrawing substituents. Li et al. demonstrated
that terminal alkynes connected to an ester carbonyl carbon
readily reacted with azides in water at room temperature
without the need for a copper catalyst.**! Truong et al.
employed this reaction to prepare cell-encapsulating hydrogels
from azide-functionalized chitosan and alkyne-functionalized
PEG.*Yl The hydrogels completed crosslinking within an hour
and supported the viability of encapsulated MSCs.[*4

2.2. Inverse-Electron Demand Diels—Alder (IED-DA) Reaction

The inverse-electron demand Diels—Alder reaction is a second
bioorthogonal cycloaddition that is gaining popularity as a
crosslinking mechanism for cell-encapsulating hydrogels.
IED-DA reactions typically involve tetrazine ligations with
strained alkenes. Tetrazine-based IED-DA reactions were first
reported as bioorthogonal ligations by Fox and co-workers.*]
The reaction between a dipyridyl-functionalized tetrazine and
trans-cyclooctene (TCO) proceeded at a rate three orders of
magnitude greater than the optimized SPAAC reaction,!*!
making tetrazine ligation the fastest bioorthogonal conjugation
chemistry reported to date.*!l Contemporaneously, the Hilder-
brand lab and the Braun lab independently introduced tetrazine
ligations with norbornenes!*’! and a derivative of the tetracyclic
Reppe anhydride,*® respectively. While the reaction between
tetrazine and norbornene is slower than between tetrazine
and TCO, norbornene is significantly more stable than TCO in
solution.*®! Cyclopropenes have also been introduced as alter-
native dienophiles to TCO and norbornene.*!

The use of a tetrazine IED-DA reaction to prepare cova-
lently crosslinked, DMSO-swollen gels was first reported by
Zhou et al.’% Soon after, Alge et al. published a study extending
the use of bioorthogonal IED-DA crosslinking to the synthesis
of cell-encapsulating hydrogels.”! Four-arm PEG macromers
were functionalized with tetrazine and crosslinked with difunc-
tionalized norbornene peptides. The peptide crosslinkers
were designed to be MMP cleavable to permit proteolysis of
the matrix, and norbornene functionalized arginine-glycine-
aspartic acid (RGD) integrin-binding peptides were included
to facilitate cell-matrix adhesion.’" Gelation occurred within
minutes, and crosslinking was completed within 20 min.>!
Encapsulated human MSCs exhibited excellent viability in the
IED-DA crosslinked gels.>!!

Tetrazine-norbornene ligation has since been utilized in
other hydrogel systems. Desai et al. functionalized alginate
with norbornene and tetrazine groups to form stable, covalently
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crosslinked hydrogels.’?) Compared to fibroblasts encapsulated
in alginate gels crosslinked through ionic interactions with
calcium ions, fibroblasts in the IED-DA alginate gels exhib-
ited higher viability both directly following encapsulation and
after 3 d in culture. When injected subcutaneously into mice,
both ionically crosslinked and IED-DA alginate gels elicited
a minimal inflammatory response characterized by encap-
sulation within a thin layer of fibrous tissue. While the ioni-
cally crosslinked gels exhibited significant degradation by one
month postimplantation, the IED-DA gels remained largely
intact for at least 2 months.’? Koshy et al. later applied this
same chemistry to covalently crosslinked gelatin hydrogels.>]
Gelatin hydrogels are commonly used in 3D cell culture,
and photoinitiated radical polymerization of methacrylated
gelatin (GelMA) is the most common method for preparing
such hydrogels. The crosslinking scheme developed by Koshy
et al. eliminated the need for UV light exposure and the use
of potentially cytotoxic photoinitiators. Accordingly, higher via-
bility of human MSCs was observed in tetrazine-norbornene
crosslinked gels compared to GelMA.P3l Subcutaneous injec-
tion of the gelatin hydrogels was also well-tolerated by mice.l>?!
Truong et al. exploited the orthogonal nature of the tetrazine
ligation to prepare mechanically tough double-network hydro-
gels.’" One network was crosslinked via tetrazine-norbornene
ligation, and the second network was crosslinked via thiol-
alkyne addition.’*) The resulting hydrogels were resilient to
multiple rounds of mechanical loading, and human MSCs
encapsulated within the hydrogels remained highly viable after
2 d in culture.P

TCO has been used as an alternative dienophile to norbornene
to prepare hydrogels with extremely rapid gelation kinetics.
Following the initial report of the tetrazine-TCO ligation, Fox
and co-workers discovered that the additional strain imposed
by fusing a cyclopropane ring to the cyclooctene resulted in an
increase in the reaction rate by a further two orders of magni-
tude.”’! Using this modified TCO, the Jia and Fox labs synthe-
sized tetrazine-modified hyaluronic acid and bifunctional TCO
PEG crosslinkers to prepare hydrogels.’®l The rapid gelation
rate permitted fabrication of multilayer hydrogel microspheres
and hydrogel channels, and the resultant gels supported the
formation of cancer cell spheroids from an initial single cell
suspension, indicating significant cell proliferation.>°!

2.3. Diels—Alder (DA) Reaction

Traditional Diels—Alder reactions have also found utility
as hydrogel crosslinking chemistries. While DA reactions
employed in organic synthesis often require high tempera-
tures to proceed at a reasonable rate, DA reactions are acceler-
ated in water due to hydrophobic stabilization of the transition
state.l’’] Thus, certain diene—dienophile reaction pairs make
DA cycloadditions viable strategies for bioorthogonal hydrogel
crosslinking.

The first reported use of a DA reaction to prepare hydro-
gels employed a synthetic copolymer containing furan moie-
ties as dienes and bifunctional PEG maleimide crosslinkers as
dienophiles.®>°] Despite the accelerated DA reaction rate in
water, gelation of these materials occurred over the timescale
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of an hour.”® Shoichet and co-workers later introduced furan—
maleimide crosslinked DA hydrogels as potential scaffolds for
tissue engineering, using furan-modified hyaluronic acid and
bifunctional PEG maleimide crosslinkers.¥] These hydrogels
were demonstrated to be cytocompatible using mammary epi-
thelial cells,l®” and further optimizations permitted control
over hydrogel stiffness and presentation of bioactive factors.[°!l
A later study confirmed that the DA hyaluronic acid hydrogels
were well-tolerated in vivo, with no detectable immune cell acti-
vation or scar formation compared to untreated controls, and
could deliver brain-derived neurotrophic factor to injured spinal
cords in a rat model.[®?]

Subsequently, the furan-maleimide DA reaction has been
used to prepare hydrogels for various tissue engineering and
drug delivery applications. To mimic native cartilage ECM, Yu
et al. prepared interpenetrating network hydrogels composed of
furan-functionalized gelatin and furan-functionalized hyaluronic
acid, crosslinked by bifunctional PEG maleimide.[®’] Yu et al.
later used DA-crosslinked HA-PEG hydrogels as 3D cell culture
scaffolds for chondrocytes.® DA-crosslinked hydrogels have also
been used as passively releasing, drug delivery depots for small
molecules,[®®! growth factors,[®®7l and therapeutic antibodies. %!
Because the DA reaction is reversible, furan-maleimide ligation
can be used to covalently couple molecules to hydrogel networks
and control their release.®”) Fan et al. exploited this reversibility
to covalently immobilize furan-modified dexamethasone in DA-
crosslinked hyaluronic acid hydrogels, controlling the release of
dexamethasone over the course of two weeks./”")

While the furan-maleimide DA reaction is the most com-
monly used DA reaction for hydrogel crosslinking, this reaction
pair has significant limitations. Foremost in the context of this
review, the reaction scheme is not truly bioorthogonal. Maleim-
ides are commonly used in bioconjugation of thiol-containing
molecules via conjugate addition, and maleimides also exhibit
some side reactivity with amines. Maleimides are addition-
ally susceptible to hydrolysis, which was previously shown to
play a role in the degradation of furan—maleimide crosslinked
hydrogels.”!l Due to the reversible nature of the Diels—Alder
reaction, an equilibrium exists between free maleimides and
crosslinked maleimides. The free maleimides are susceptible to
hydrolysis and once hydrolyzed do not form stable DA-based
crosslinks. Thus, overtime, the number of potential crosslinks
is decreased, and the gel degrades.”!! Adding a hydrophobic
spacer between the PEG macromers and the maleimides can
improve hydrogel stability by reducing the rate of maleimide
hydrolysis.[%® Finally, the kinetics of the furan—maleimide reac-
tion are slow relative to other potential crosslinking chemis-
tries, with some reports of gelation requiring multiple hours
under physiological conditions.[6264

The application of other DA reaction pairs to DA reactions
has been largely unexplored, with the exception of a reaction
scheme using fulvenes as dienes. Lehn and co-workers intro-
duced fulvene-based DA reactions as an example of room
temperature dynamic chemistry.”? Fulvenes undergo revers-
ible DA cycloadditions with cyanoolefin dienophiles due to the
strong electron-withdrawing character of the cyano groups.l’
This chemistry was initially employed to create self-healing
polymeric materials.” Wei et al. later adapted this reaction
scheme to prepare self-healing dextran hydrogels, replacing the
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cyanoolefin dienophiles with more stable dichloromaleic acid
dieneophiles.”* Fulvene-functionalized dextran was crosslinked
via dichloromaleic acid-modified PEG to create hydrogels that
exhibit reversible self-healing under physiological conditions.”*

2.4. Staudinger Ligation

Despite its place as the first demonstrated bioorthogonal reac-
tion, the Staudinger ligation has found limited utility as a
hydrogel crosslinking chemistry, likely arising from its rela-
tively slow reaction rate and limited stability of the triarylphos-
phine functional groups.®! As an example, we recently reported
that engineered elastin-like protein hydrogels crosslinked by
Staudinger ligation completed gelation on the timescale of
an hour, whereas gels crosslinked by BCN-mediated SPAAC
completed gelation within a few minutes.®) Nevertheless,
Staudinger ligation has been effectively used as a means to sta-
bilize alginate hydrogel microbeads.”>”¢! Initial crosslinking
of the beads was accomplished by exposing the alginate solu-
tions to divalent cations, and then azide-functionalized alginate
reacted via Staudinger ligation with triarylphosphine-modified
PEG or alginate to produce dual-crosslinked networks.l”>76l
The Staudinger-crosslinked hydrogels remained stable, even
after chelation of the divalent cations.”>7! Pancreatic endocrine
cells cultured within the Staudinger-crosslinked gels remained
viable and proliferated.”°l

2.5. Nitrile Oxide—Norbornene Cycloaddition

Nitrile oxides and norbornenes undergo 1,3-dipolar cycloaddi-
tions similar to the azides and alkynes employed in SPAAC.
Nitrile oxides are highly reactive, which initially made imple-
mentation of these cycloaddition reactions challenging in a bio-
logical context. However, the nitrile oxide can be stabilized by
adjacent aromatic rings and generated in situ by hydrolysis of
a hydroximoyl chloride precursor.’”! Truong et al. applied this
chemistry to prepare cell-encapsulating PEG hydrogels.”® PEG
macromers were functionalized with norbornene and hydroxi-
moyl chloride. Upon mixing under aqueous conditions, the
hydroximoyl chloride is converted to a reactive nitrile oxide,
which then undergoes 1,3-dipolar cycloaddition with the nor-
bornene-functionalized PEG.”® The mixture exhibits rapid gela-
tion, with crosslinking completed in a few minutes."® Neural
progenitor cells encapsulated within the resultant gels remained
viable postgelation.”® Truong et al. later employed this chem-
istry to prepare bioorthogonally crosslinked gelatin hydrogels.”’!
Gelatin norbornene crosslinked with hydroximoyl chloride
functionalized PEG served as suitable hydrogels for the 3D cul-
ture of fibroblasts, which maintained high viability and expres-
sion of phenotypic markers similar to Matrigel controls.’!

2.6. Other Bioorthogonal Reactions with Potential Applications
in Hydrogel Crosslinking

Following the initial reports of the Staudinger ligation and
SPAAC as bioorthogonal reactions, significant effort has been
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expended to identify new bioorthogonal chemistries with
improved reaction kinetics, enhanced reactant stability, and
facile synthesis.[*¢80 Of these more recently reported bioorthog-
onal reactions, tetrazine ligation and nitrile oxide-norbornene
cycloaddition have been employed to generate cell encapsulating
hydrogels, as discussed in the preceding sections. This section
briefly presents other bioorthogonal ligation chemistries that
have potential utility in the preparation of hydrogel biomaterials.
Dipolar cycloadditions between nitrones and cyclooctynes pro-
ceed more rapidly than the analogous SPAAC reaction between
azides and cyclooctynes,®!l suggesting the strain-promoted
alkyne-nitrone cycloaddition (SPANC) may find utility in pre-
paring hydrogels with rapid crosslinking kinetics. The poor sta-
bility of some nitrones in water will likely dictate which reaction
partners would be acceptable for aqueous crosslinking.*?l A
second potential 1,3-dipolar cycloaddition for use in bioortho-
gonal crosslinking is the reaction between nitrile imines and
alkenes.[B2#3] The reaction proceeds relatively rapidly, with rate
constants on the order of the SPANC and nitrile oxide-nor-
bornene reactions.*®! The potential applicability for use in cell-
encapsulating hydrogels may be limited by the requirement to
generate the nitrile imine in situ by photolysis of a tetrazole pre-
cursor.8283 The UV light employed in this scheme may prove
mutagenic.¥l Furthermore, a recent study has reported poten-
tial off-target reactivity of nitrile imines with biological nucle-
ophiles, raising questions about the bioorthogonality of this
approach.®¥ Nevertheless, this chemistry has been employed
to crosslink PEG hydrogels.®] To achieve the greatest enhance-
ment in gelation rates using 1,3-dipolar cycloadditions, the
reaction between azides and oxanorbornadienes could be imple-
mented in a hydrogel context. van Berkel et al. reported reaction
rates approaching those of the tetrazine ligation.[ Azides first
react with oxanorbornadienes via 1,3-dipolar cycloaddition, fol-
lowed by elimination of furan via a retro-Diels—Alder reaction to
afford stable trizole linkages, similar to SPAAC and CuAAC.[8%
An additional class of bioorthogonal reactions that may find
applicability in hydrogel crosslinking is hetero-Diels—Alder reac-
tions. Like traditional DA reactions, hetero-DA reactions pro-
ceed via a concerted pericyclic reaction mechanism that does
not require external catalysis, generates no byproducts, and is
accelerated in water due to hydrophobic interactions. In con-
trast to traditional DA reactions, hetero-DA reactions can pos-
sess significantly higher reaction rates. Glassner et al. employed
hetero-DA cycloadditions between cyclopentadiene-function-
alized PEG and dithioester-terminated poly(2-hydroxyethyl
acrylate) or poly(glucopyranosyl acrylate) to form block copoly-
mers under aqueous conditions at ambient temperature.®” The
aqueous compatibility of this reaction is promising for hydrogel
development although the reaction timescales for this reaction
pair are on the order of hours.®”! However, a recent report by
Absil et al. demonstrated rapid crosslinking of microgels pre-
pared from cyclopentadiene-functionalized polymers and a
4,4’-(4,4'-diphenylmethylene)-bis-(1,2,4-triazoline-3,5-dione)
(bis-PTAD) crosslinker.®® While the improved reaction rate is
rapid enough for cell-encapsulating hydrogels, the reactivity of
PTADs toward tyrosines and the potential for PTAD decomposi-
tion into amine-reactive isocyanates would limit the bioorthog-
onality of this reaction pair.® An alternative hetero-DA pair
is 2-napthoquinone-3-methide and a polarized olefin.®” The
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reactive 2-napthoquinone-3-methide is generated in situ by pho-
todehydration of a 3-(hydroxymethyl)-2-naphthol moiety.*®! The
rapid reaction rates would facilitate efficient crosslinking, but
the UV irradiation required to generate the reactive species may
damage cells. Shifting to visible-light-mediated photodehydra-
tion or developing alternative chemistries to generate the reac-
tive species would expand the potential utility of this reaction.

2.7. Supramolecular Assemblies as Bioorthogonal Approaches
to Physically Crosslinked Hydrogels

The concept of bioorthogonalilty has traditionally been applied
to covalent ligation reactions due to its first applications in cell
surface glycan and metabolic labeling. In these applications,
a permanent, covalent bond serves as a reliable reporter of
specific chemical functionality. Many approaches to hydrogel
crosslinking also rely on covalent bonds to produce mechani-
cally robust gels. However, hydrogels crosslinked through
noncovalent, physical interactions also comprise an important
class of hydrogel-based materials with applications in engi-
neered ECMs. The reversible nature of the crosslinks in phys-
ical hydrogels has been exploited to develop platforms for cell
injection,®>92 bioprinting,®**4 and tuning of viscoelasticity to
influence cellular phenotype.l! The mechanisms for physical
crosslinking can also be assessed on their bioorthogonality, i.e.,
how likely the crosslinking pairs are to have off-target interac-
tions with biological entities. Many of the common physical
hydrogel networks are crosslinked by ionic interactions (such
as with calcium ions that can interact with natural cellular sign-
aling pathways or with transition metals that can be cytotoxic)
or are comprised of protein or peptide components (which can
be degraded by cell-secreted proteases). However, a subset of
supramolecular materials that form physical hydrogels can
be considered to crosslink via bioorthogonal mechanisms.
We briefly highlight two classes of supramolecular materials,
guest-host hydrogels and polymer—nanoparticle hydrogels,
and direct the reader to recent reviews on the topic for more
details.%%%7]

Guest-host hydrogels form due to noncovalent association
of guest molecules within the cavities of host molecules.l?’]
Common host molecules are macrocycles such as cyclodextrins
and cucurbit[n]urils.’”) While cyclodextrins occur in biology,
cucurbit[n]urils are synthetic in origin, providing a poten-
tial bioorthogonal handle for physical crosslinking. Due to
the physical nature of the interactions between hosts and
guests, any nonspecific associations would be transient and
thus unlikely to have lasting detrimental impacts on the bio-
logical system of interest. While some guest molecules previ-
ously implemented in guest-host gel systems, such as choles-
terol®® and the amino acids phenylalanine and tryptophan,®
are present in biological systems, nonbiologically occurring
guests, notably adamantane,!'%-1%] have also been used. In
one early example, Kretschmann et al. reported the prepara-
tion of physically crosslinked hydrogels from adamantane-
functionalized N-isopropylacrylamide copolymers and bifunc-
tional B-cyclodextrin.'%! This approach was later extended to
a two-component polymeric system, with separately prepared
adamantane- and cyclodextrin-containing polymers forming
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Figure 5. A) Schematic depicting supramolecular hydrogel formation
from cucurblt[6]ur|I (CB[6])- and polyamine (PA)-modified hyaluronic
acid. The resulting hydrogels can be further modified with cucurbit[6]-
uril-tagged small molecules, such as RGD cell-adhesion peptides. B,C)
Increased proliferation of encapsulated fibroblasts is observed in gels to
which RGD-cucurbit[6]uril was tethered via guest—host interactions com-
pared to unmodified controls. Blue: DAPI (nuclei). Scale bars: 50 um.
Reproduced with permission.1%] Copyright 2012, American Chemical
Society.

hydrogel networks upon mixing.'’!l Similar systems have
since used adamantane- or n-butane-functionalized polyacryla-
mide guest components and f-cyclodextrin-functionalized
polyacrylamide hosts!% or adamantane- and f-cyclodextrin-
functionalized hyaluronic acids('®® to prepare physical hydro-
gels. Guest-host HA hydrogels have proven to be a highly
versatile system, with applications in cell transplantation!®?
and bioprinting.®! Cucurbit[n]urils have also been employed
as physical crosslinking moieties in guest-host gels. Appel
et al. reported the formation of self-healing and stimuli-
responsive polymer networks crosslinked by a ternary complex
of cucurbit8Juril, methyl viologen-functionalized polymers
(first guest) and naphthoxy-functionalized polymers (second
guest).1% HA hydrogels prepared from cucurbit[6Juril- and
diaminohexane-functionalized polymers have shown promise
as engineered ECMs (Figure 5)'%! to direct the chondrogen-
esis of human MSCs[1%! and to support immunomodulation by
transgenic MSCs transplanted in a murine cancer model.['%”]
Polymer—nanoparticle gels comprise a second class of can-
didate supramolecular materials for bioorthogonal, physically
crosslinked hydrogels. While various formulations of polymer—
nanoparticle composites can have potential biomedical applica-
tions as engineered ECMs,[1%1%% here we focus specifically on
supramolecular assemblies arising from physical adsorption
of polymers onto nanoparticle surfaces. The physical gelation
of poly(ethylene oxide) (PEO) and Laponite clay nanoparticles
has been previously studied for the unique rheological proper-
ties of the system.'%®] PEO-Laponite composite gels have also
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been investigated as potential drug delivery systems!'!% and cell

culture substrates.''!l More recent approaches have used clay
nanosheets crosslinked by dendrimeric PEGs!!''? and polymeric
nanoparticles crosslinked by biologically derived polymers such
as cellulose and HA.M3 Further studies are necessary to dem-
onstrate utility of these generally biocompatible materials as 3D
cell culture platforms.

In addition to guest-host and polymer—nanoparticle inter-
actions, supramolecular assembly mechanisms inspired by
biology, including protein- and DNA-based self-assembly, have
also been employed to prepare hydrogels. As these systems
make use of protein and DNA components that are inher-
ently reactive with biomolecules such as proteases and nucle-
ases, crosslinking of these hydrogels is less bioorthogonal than
guest-host and polymer—nanoparticle hydrogels. For a detailed
discussion of DNA- and protein-based self-assembling systems,
the reader is referred to recent review articles.!'**!

3. Bioorthogonal Chemistries in the Design
of Dynamic Materials

The native ECM is highly dynamic, changing its biochemical
and mechanical properties throughout development and aging
and as a result of disease.?”l Recapitulating this dynamism
in engineered ECM materials may facilitate advancements in
regenerative medicine, for instance, by providing temporal con-
trol over cues for developmental processes such as stem cell
differentiation and vasculogenesis. Dynamic ECM materials
may also provide improved in vitro platforms to model disease
progression, such as the stiffening of the ECM in tumor micro-
environments.'" Mechanisms to modify engineered ECMs
should ideally be bioorthogonal to ensure that only the altered
matrix property (stiffness, cell-adhesive ligand density, etc.), and
not any off-target effect of the modification chemistry, contrib-
utes to changes in cellular phenotype. This section describes
strategies for two distinct modes of dynamic ECM modifica-
tion: ligation reactions and bond-cleavage reactions.

3.1. Adding Functionality with Bioorthogonal Ligations

Bioorthogonal ligation reactions are promising tools to dynami-
cally add functionality to engineered ECMs in the presence of
live cells. Such reactions can facilitate the addition of cell-adhe-
sive sites or increase the stiffness of the matrix.

3.1.1. Photomediated Ligations

Photochemistry has proven to be a versatile tool for control-
ling the spatial and temporal presentation of biochemical and
mechanical matrix properties. The first applications of photo-
chemical regulation of ligation reactions in an engineered ECM
context made use of photocaged reactive groups to selectively
localize binding of bioactive factors to hydrogel scaffolds. Luo
and Shoichet modified agarose hydrogels with S-2-nitrobenzyl-
cysteine as a photocaged thiol.1® Upon UV irradiation, the
2-nitrobenzyl photoactive group is released, leaving a free thiol.
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The resulting thiols were used to pattern maleimide-modified,
cell-adhesive RGD peptides or full-length proteins.''®117] The
reliance on UV light and thiols limit the bioorthogonality of
this specific approach; however, advancements in photocaging
groups has reduced the dependence on UV light. For instance,
6-bromo-7-hydroxy coumarin was developed as a two-photon-
labile photocage,'® permitting cleavage by a two-photon IR
laser, substantially increasing the 3D resolution of the pattern
while decreasing the potential for phototoxicity caused by UV
irradiation. Wosnick and Shoichet replaced the 2-nitrobenzyl
photocage with a 6-bromo-7-hydroxy coumarin photocage in the
agarose gel system, which permitted selective 3D patterning of
thiol-reactive molecules within hydrogels.'""”! This system was
later used to pattern vascular endothelial growth factor to direct
stem cell differentiation!'?” and to guide endothelial cell migra-
tion.l'21l These systems still ultimately employed non-bioorthog-
onal, thiol-reactive chemistries for ligation. To improve the
selectivity of conjugation, recently 2-nitrobenzyl moieties have
been used to photocage alkoxyamines.}#1221231 Alkoxyamines
react with aldehydes via oxime ligation to form stable covalent
linkages under physiological conditions. The photomediated
oxime ligation has been used to spatially and temporally control
presentation of proteinsB3*+12%¥l and hydrogel stiffness.[!*]

Instead of using photocaging moieties to mask and selec-
tively reveal reactive groups, photocatalyzed ligation reactions
have also been used to dynamically modify engineered ECM
materials. DeForest et al. prepared SPAAC-crosslinked PEG
hydrogels with pendant vinyl groups to permit photomedi-
ated thiol-ene reactions.”” This system facilitated spatial con-
trol over cell spreading by localizing the covalent attachment
of cell-adhesive RGD ligands to defined patterns.?>! Similar to
photocaging approaches, the bioorthogonality of this approach

www.afm-journal.de

was limited by the use of UV light and thiols, in addition to
the necessity for potentially cytotoxic photoinitiators. By
changing photoinitiators, later studies were able to use visible
light to mediate peptide conjugation.'#12°] Photoinitiated reac-
tions have also been employed to add crosslinks to hydrogel
networks. Khetan et al. developed hyaluronic acid hydrogels
with dual crosslinking to permit dynamic crosslinking in the
presence of encapsulated cells.'?%) Hydrogel networks were ini-
tially crosslinked with bifunctional, cell-degradable peptides to
encapsulate cells, and then exposure to UV light in the pres-
ence of a photoinitiator facilitated radical polymerization of
pendant acrylate groups.['?®l The additional crosslinking step
was used to prevent degradation of the hydrogels by encapsu-
lated cells, thereby blocking cell spreading in homogeneous!'2®!
and patterned hydrogels.'””] The same approach was used to
regulate MSC differentiation by blocking degradation-medi-
ated generation of cellular traction.'?®! Increasing crosslinking
by photoinitiated radical polymerization in the acrylated-HA
system also resulted in a stiffening of the material, which was
used to probe the temporal effects of matrix mechanics on
MSC differentiation.l'?l Similar to other photomediated tech-
niques, these crosslinking chemistries make use of UV light
and photoinitiators. The radicals generated during polymeriza-
tion can also have off-target reactions and negatively impact cel-
lular function.

To overcome chemical crossreactivity with biological func-
tional groups, future approaches for photomediated liga-
tion can utilize photoactivatable, bioorthogonal reaction pairs
(Table 2). Similar to photocaging strategies applied to reactive
nucleophiles like thiols and alkoxyamines,#1% one member
of the bioorthogonal reaction pair is initially masked and only
released upon exposure to light. This approach has the potential

Table 2. Potential photocaged bioorthogonal reactive groups for use in dynamic materials.

Photocaged group Reactive group Uncaging treatment Bioorthogonal reaction References
0 —
= s@e '
UV light (350 nm) SPAAC [130]
s@e R
R OBu
(0]
OMe O
Clg
R PPh, OMe UV Light (405 nm) Staudinger ligation 31
OMe
R PPh,
O,N OMe
a 0¢ | S
R /N N R_Q_:N_N_Q UV light (302 nm) 1,3-Dipolar cycloaddition [82]
NN
R R
OO OH OO 0 UV light (300 nm) Hetero-DA [90]
OH
—\ HN-N — — N=N — ;
R\ 27— \>—Q R—O—(x »—Q Red light IED-DA [132,133]
N N-NH N N N-N N

(660 nm + methylene blue)
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to provide similar spatial and temporal control over biochemical
and mechanical signals as those techniques discussed above.
For instance, Poloukhtine et al. developed a photocaged strained
cyclooctyne that can participate in SPAAC reactions after
uncaging.*% A cyclopropenone was used to mask the C—C
triple bond in a DBCO molecule. UV irradiation leads to decar-
bonylation and generation of the strained alkyne that can react
with azides via SPAAC.[13% Photocaged Staudinger ligation strat-
egies have also been implemented by masking the reactive phos-
phene with a 2-nitrobenzyl group that can be removed by expo-
sure to UV light."*!l In addition to unmasking relatively stable
reaction partners, exposure to light can be used to generate
unstable reactive groups in a spatially and temporally defined
manner to participate in bioorthogonal ligation reactions. UV
irradiation of tetrazoles can yield nitrile imines for 1,3-dipolar
cycloaddition  reactions.®d  2-Napthoquinone-3-methides

www.afm-journal.de

generated by photodehydration of 3-(hydroxymethyl)-2-naph-
thol can participate in hetero-DA reactions with vinyl ethers to
afford bioorthogonally ligated products.’” The use of poten-
tially cytotoxic UV light is a significant drawback to all of these
photocaged bioorthogonal reactive groups. While the actual
ligation reactions are bioorthogonal, the UV irradiation used to
uncage the reactive moieties may be mutagenic, limiting the
overall bioorthogonality to these approaches. In a noteworthy
improvement from these UV-mediated approaches, Zhang et
al. recently reported a red-light-activatable tetrazine ligation.['%!
Dihydrotetrazine is oxidized to tetrazine by exposure to 660 nm
light in the presence of methylene blue as a photocatalyst.'3?
The resulting tetrazines are then free to undergo IED-DA reac-
tions with strained alkenes. Truong et al. employed this chem-
istry to prepare PEG hydrogels with temporal control over
mechanical properties (Figure 6).3%1 This crosslinking scheme
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Figure 6. A) Schematic depicting the red-light activation of a PEG-dihydrotetrazine precursor to PEG-tetrazine in the presence of a methylene blue
photosensitizer to participate in bioorthogonal IED-DA crosslinking with PEG norbornene. B) Upon irradiation with red light, the hydrogel crosslinks
rapidly, reaching its plateau storage modulus within minutes. C) Human MSCs encapsulated in photoactivated tetrazine hydrogels remain highly
viable 24 h post-crosslinking, as assessed via a live/dead cytotoxicity assay. Green: live; red: dead. Scale bar: 50 um. Reproduced with permission.['33]
Copyright 2017, American Chemical Society.
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permitted encapsulation of MSCs with high viability, indicating
potential for dynamic modulation of the cellular microenviron-
ment.['33 The visible-light-activated tetrazine ligation can serve
as a model for future development of fully bioorthogonal, light-
mediated ligation reactions.

3.1.2. Enzyme-Mediated Ligation

Nature has evolved its own system of orthogonal reac-
tivity through enzyme-substrate specificity. Careful choice
of enzymes and substrates can permit selective modification of
engineered ECMs without substantially altering the biology of
the system being studied, providing a pseudo-bioorthogonal
approach to dynamically modulate matrix properties. The
earliest work using enzyme-mediated coupling reactions to
engineer hydrogel substrates employed transglutaminases to
catalyze isopeptide bond formation between two peptide sub-
strates.[13+135] Optimization of the peptide substrates yielded
robust gelation of hydrogels suitable for cell culture.[3513¢
Mosiewicz et al. combined transglutaminase-mediated liga-
tion with photocaging strategies to facilitate dynamic pat-
tern formation of biomolecules in PEG hydrogels.'31 A
2-nitrobenzyl photocage was used to mask the reactive lysine
of a hydrogel-bound peptide substrate. Following UV irra-
diation, biomolecules with a partner glutamate-containing
peptide reacted with the exposed lysine residue, catalyzed by
transglutaminase.'3”] This system was used to selectively pat-
tern RGD cell-adhesive peptides to regulate MSC invasion in
3D gels.['%7]

To achieve additional substrate specificity in the context
of mammalian cell culture systems, others have turned to
enzymes derived from bacteria. Zakeri et al. exploited the
natural isopeptide bond formation within a bacterial adhesin to
engineer the SpyTag—SpyCatcher system.[!38 The short SpyTag
peptide spontaneously associates with the SpyCatcher domain
and forms a covalent bond between an aspartic acid residue on
SpyTag and a lysine residue on SpyCatcher.'*®! Sun et al. pre-
pared recombinant elastin-like protein hydrogels crosslinked
using genetically encoded SpyTag and SpyCatcher reaction
partners.[3% The resulting hydrogels supported the phenotypic
maintenance of fibroblasts and embryonic stem cells in cul-
ture.'* Following the introduction of the SpyTag/SpyCatcher
reaction pair, additional protein pairs have been investigated
for enzymatic ligation via isopeptide bond formation. Notably,
Veggiani et al. identified a protein pair that reacts orthogonally
to SpyTag/SpyCatcher, which the authors named SnoopTag/
SnoopCatcher.l'*l This orthogonality was exploited to conju-
gate two different antigens to opposite sides of nanoparticles
for dual immunization vaccines.'*!l Similar strategies could
be employed in the future to control the temporal presentation
of bioactive signals from hydrogels by sequentially reacting
SpyTag/SpyCatcher- and SnoopTag/SnoopCatcher-functional-
ized biomolecules.

In addition to isopeptide bond formation, bacterial enzymes
have been employed for traditional peptide bond formation.
Cambria et al. used Sortase A, another bacterial enzyme, to
dynamically tether epidermal growth factor (EGF) to PEG
hydrogels.l'*?l Sortase A mediates the ligation of a LPXTG
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peptide motif and a triglycine-containing polypeptide.'*¥l PEG
hydrogels with pedant LPRTG peptides were conjugated with
EGF bearing an N-terminal triglycine sequence via sortase-
mediated ligation.*?] EGF tethering enhanced the proliferation
of epithelial cells cultured on the hydrogels.'*?l The orthogonal
chemical nature of sortase-mediated ligation has been demon-
strated in vivo using an evolved Sortase A to dynamically conju-
gate LPETG peptides with fluorescent probes onto the surface
of a catheter in mice.[*4

3.1.3. Direct Covalent Ligation

The field of bioorthogonal chemistry arose out of the desire to
selectively label particular cellular products among the various
chemical functionalities present in living systems, resulting
in the development of chemical reactions that can occur even
within live organisms.!**) Drawing inspiration from these
early studies, bioorthogonal ligation reactions can be directly
applied in vitro or in vivo to dynamically alter the properties of
hydrogel matrices without exposure to light or other external
triggers. Utilizing excess azides present in SPAAC-crosslinked
ELP hydrogels, we previously demonstrated selective hydrogel
functionalization in the presence of live cells in serum-con-
taining culture medium (Figure 7A,B).**l As a model system,
a BCN-modified fluorophore was selectively conjugated to an
ELP hydrogel with encapsulated MSCs.B! Brudno et al. used
both SPAAC and tetrazine ligation to covalently modify algi-
nate hydrogels in vivo.l'*l Azide- or tetrazine-modified alginate
gels were implanted in the hind limbs of mice, and the mice
were then injected intravenously with DBCO- or TCO-modified
fluorescent dye, respectively (Figure 7C,D)."¢l Twenty-four
hours postinjection, the dyes localized to the hydrogels. Further-
more, the hydrogels could be sequentially loaded with dye over
multiple injections, and SPAAC and tetrazine ligation gels could
be independently targeted with different dyes within the same
animal.l"*®l Oneto et al. later used a similar tetrazine-modified
alginate hydrogel system to localize delivery of doxorubicin with
a cleavable TCO moiety to soft tissue sarcomas in mice.l"*”] Ani-
mals treated with the localized drug exhibited improved reduc-
tion in tumor size and decreased systemic toxicity than animals
treated with standard soluble doxorubicin.'*’]

3.1.4. Supramolecular Interactions

In addition to covalent ligation, physical interactions can also
be used to control the presentation of bioactive factors from
engineered ECMs. While traditional bioorthogonal approaches
have focused on the formation of stable covalent bonds, non-
covalent interactions can achieve similarly selective material
functionalization in the presence of live cells. As discussed
in Section 2.7, supramolecular host-guest assemblies can be
thought of as bioorthogonal, physical binding interactions.
The inherent reversibility of these supramolecular assemblies
has been exploited to dynamically modulate the presenta-
tion of bioactive cues. Several studies have demonstrated
the ability of host-guest complexes to localize peptides and
proteins, ¥ including cell-adhesive RGD peptides*l and
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Figure 7. A) Schematic depicting the bioorthogonal functionalization of SPAAC-crosslinked elastin-like protein hydrogels with BCN-modified fluoro-
phores. B) Hydrogels with live, encapsulated human MSCs were functionalized with a BCN-modified fluorescent dye (CF640R) in serum-containing
medium, demonstrating selective incorporation of the BCN-bearing dye and not an amine-bearing control dye. Panels (A) and (B) reproduced with
permission.13%! Copyright 2016, John Wiley and Sons. C,D) Alginate hydrogels functionalized with azide or tetrazine were implanted intramuscularly or
into the mammary fat pads of mice, respectively. Intravenous injection of TCO-Cy5 and DBCO-Cy7 dyes resulted in localization to the tetrazine—alginate

and azide-alginate hydrogels, respectively. Panels (C) and (D) reproduced with permission.'*l Copyright 2015, John Wiley and Sons.

bone morphogenetic protein-6."! In the context of cell-
encapsulating hydrogels, Park et al. developed cucurbit[6]
uril-diaminohexane crosslinked hyaluronic acid gels to which
cucurbit[6]uril-conjugated RGD peptides could be dynami-
cally linked via excess diaminohexane groups on the HA back-
bone (Figure 5).'%! Addition of RGD increased the spreading
and proliferation of encapsulated fibroblasts.'® Boek-
hoven et al. used alginate hydrogel surfaces with conjugated
B-cyclodextrin as host molecules to dynamically regulate RGD
presentation.’>!) The authors took advantage of differences in
the association constants for two different guest molecules,
naphthalene and adamantane, to competitively remove bound
RGD from the hydrogel surfaces. Cells were initially able to
spread on surfaces presenting naphthyl-RGD, but treatment
with nonadhesive, adamantane-RGE displaced the RGD and
resulted in decreased cell spreading.!'>!]

3.2. Bioorthogonal Bond-Cleavage Reactions

While the classic examples of bioorthogonal reactions consist
of ligation reactions, such as 1,3-dipolar cycloadditions and
Diels—Alder reactions, recent interest has turned to developing
bioorthogonal bond-cleavage reactions.'>? Such reactions have
been applied to regulate prodrug uncaging and control protein
activity in living systems.[>?] These reactions may permit fur-
ther advancement in the design of dynamic, engineered ECMs,
complementing existing ligation reactions to facilitate removal
of functionality, not just addition of functionality, on demand.
Several elegant examples using photochemical and enzymatic
techniques have demonstrated the power of bond-cleavage
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reactions to regulate cellular behavior in hydrogel-based sys-
tems, and newer metal- and small molecule-catalyzed reactions
have the potential to do the same.

3.2.1. Photomediated Cleavage Reactions

The first advancements toward bioorthogonal bond-
cleavage reactions made use of photolabile groups. Various
photocleavable moieties have been employed in many dif-
ferent applications. However, for the scope of this review, we
will focus on the use of photocleavable groups to control the
biochemical and mechanical properties of engineered ECM-
mimicking hydrogels. For additional discussion of photocleav-
able groups, the reader is directed to a comprehensive review
of the topic.!>3!

Before discussing the application of photolabile groups
to engineered ECMs, it is important to note that most of the
photoreactive chemistries employed to date do not fit a strict
definition of bioorthogonality. 2-Nitrobenzyl groups are the
most commonly used photocleavable groups in biomaterials
applications. These groups often require the use of UV light
to initiate cleavage, which can damage biological macromole-
cules such as DNA and harm living cells.*'>? Some variants
of the 2-nitrobenzyl group are susceptible to 2-photon cleavage,
which reduces concerns of light-induced cytotoxicity. However,
nitrobenzyl groups still can be reduced by cellular nitroreduc-
tase enzymes, resulting in premature bond cleavage.['>%154
Nevertheless, photolabile groups have proven to be an effica-
cious bioselective strategy for spatially and temporally control-
ling the properties of engineered hydrogel ECMs.
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The use of protected cell-adhesion ligands is one applica-
tion of photocaging strategies to dynamically regulate matrix
biochemistry. The del Campo and Tatsu labs independently
developed two different photocaged RGD cell-adhesion pep-
tides using the 2-nitrobenzyl group.'>>'*®l Del Campo and
co-workers used the 2-nitrobenzyl as a protecting group for the
aspartic acid required for recognition of the peptide by cell sur-
face integrins.'>) Ohmuro-Matsuyama and Tatsu installed the
2-nitrobenzyl on the amide nitrogen between the arginine and
glycine residues.[°® In both studies, UV irradiation of surfaces
with conjugated, photocaged RGD peptide resulted in spatial
and temporal control of cell adhesion and spreading.['5>156]
Lee et al. later applied photocaged RGD peptides to control
the presentation of cell-adhesive ligands by implanted hydro-
gels in vivo. Uncaging the RGD ligand promoted cell adhe-
sion and vascularization of the hydrogel constructs.'> These
photocaging systems have been applied to study various biolog-
ical processes, including the effect of adhesive ligand presenta-
tion on myoblast differentiation,>! cellular migration,[">% and
the early stages of integrin-mediated adhesion to surfaces.[1"]

Nitrobenzyl photolabile groups have also been employed
for the converse purpose, that is, the selective removal of com-
ponents from hydrogel constructs. Kloxin et al. inserted a
nitrobenzyl group in the linker connecting an RGD peptide to a
PEG hydrogel, such that UV irradiation would result in release of
the peptide from the hydrogel.l'®!l The authors demonstrated that
light-triggered release of RGD after 10 d of 3D culture enhanced
the chondrogenic differentiation of MSCs.'®!l DeForest and
Anseth expanded this strategy to reversibly pattern RGD peptides
in hydrogels.'?’] Peptides were spatially patterned by photoacti-
vated thiol-ene reactions using visible light and then selectively
removed by UV irradiation to cleave the nitrobenzyl moiety,
allowing dynamic patterning of cell adhesion.l'?! DeForest and
Tirrell generalized the approach to reversibly pattern proteins
using photocaged alkoxyamines to dynamically control protein
ligation and nitrobenzyl linkers to mediate protein release.*¥

In addition to regulating access to cell-adhesive ligands,
photomediated bond-cleavage reactions have been used to
dynamically regulate hydrogel architecture and mechanics.
Kloxin et al. also installed photolabile nitrobenzyl groups in
the PEG backbone of their hydrogels.'®!] Exposure to UV light
resulted in cleavage of crosslinks and hydrogel degradation
that could be spatially and temporally controlled by 2-photon
patterning.'] DeForest and Anseth later demonstrated that
photomediated hydrogel degradation can direct cell spreading
and migration in 3D hydrogels.'?!l This technique has since
been used to pattern neural progenitor cell outgrowth(!®l and
to create vascular networks within 3D hydrogel constructs.!'¢3!
Beyond bulk material degradation, photomediated cleavage of
hydrogel crosslinks can temporally control the mechanical prop-
erties of the matrix. Yang et al. used PEG hydrogels that could
be dynamically softened by exposure to light to elucidate the
role of mechanical memory in biasing MSC differentiation.[!®4

3.2.2. Enzyme-Mediated Cleavage Reactions

Just as enzymes have been used to catalyze specific ligation
reactions, enzymes have also been employed to selectively
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cleave bonds. In the context of engineered ECMs, crosslinks
susceptible to degradation by cell-secreted proteases have
become a common strategy to permit cell spreading, migra-
tion, and proliferation in 3D hydrogels.'%] More recent
developments have seen the emergence of enzymatic strat-
egies to enable user-directed matrix degradation through
use of enzymes that are not typically present in the system
being studied. Valdez et al. designed a PEG hydrogel that
was crosslinked by modular peptides containing both a cell-
secreted protease degradation site and a sortase recogni-
tion site.1%%l Encapsulated endometrial cultures were able to
remodel the matrix as necessary, and after the desired culture
duration, the authors could fully degrade the gels by treatment
with sortase and a glycine tripeptide to recover the cells and
secreted proteins.l'®! Due to the low frequency of the LPXTG
sortase recognition sequence in the mammalian proteome,
sortase-mediated cleavage was highly selective, leaving 26 of 27
tested cell-secreted proteins unmodified.'*® Sortase treatment
has also been used to reversibly cleave EGF from hydrogel-
based cell culture platforms.[42

While enzymatic bond-cleavage reactions in a hydrogel con-
text have been limited to the use of sortase, other fields have
worked to identify or evolve specific enzyme—substrate pairs
to achieve bioorthogonal bond-cleavage reactions. Tian et al.
developed a family of fluorogenic esterase substrates to iden-
tify an ester structure that was not susceptible to hydrolysis by
endogenous esterases in various animal cell types.['*”] Once a
target was identified, the authors screened exogenous enzymes
and determined that a porcine liver esterase could selectively
cleave their substrate.'®”] Ritter et al. screened a library of
cytochrome P450 mutants to identify enzymes that could selec-
tively cleave propargyl and benzyl ether protecting groups.!%®!
Future work could seek to combine these enzyme—substrate
pairs with synthetic hydrogels to develop novel, enzyme-
responsive matrices.

3.2.3. Chemically Mediated Cleavage Reactions

Beyond photochemical uncaging and enzymatic catalysis,
the use of more traditional chemical techniques for bond-
cleavage reactions is an area of active investigation.['>2l While
a few examples have been applied to engineered ECMs, these
techniques may be adapted to regulate matrix biochemistry
and mechanics similar to the light- and enzyme-mediated
techniques discussed above (Table 3). The first developments
toward bioorthogonal, chemical triggering of bond cleavage
made use of transition metal-catalyzed uncaging reactions.!'>?
Streu and Meggers reported the use of a ruthenium complex
to catalyze the removal of an allylcarbamate protecting group,
revealing a primary amine.'®! The reaction tolerated physi-
ological conditions and could be performed in live cells.l'’]
Optimization of ligands in the ruthenium complex has
increased the activity of the catalyst to permit efficient activa-
tion of prodrugs in mammalian cell culture.’’% Palladium-
based strategies have also shown promise in bioorthogonal
bond-cleavage reactions. Allylcarbamate deprotection can be
achieved via heterogeneous catalysis using Pd® microparticles
within live cells.'”!l Heterogeneous palladium catalysis can
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Table 3. Potential bioorthogonal bond-cleavage reactions for dynamic materials.
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also be used to remove propargyl protecting groups on prod-
rugs in cellular environments.'?l Additionally, oxidized palla-
dium species have been used to activate proteins within living
cells!'”3 and remodel cell surface glycans.'74 In a recent study,
gold nanoparticles embedded in a support resin were shown
to catalyze cleavage of propargyl groups to activate prodrugs in
cancer cell cultures.['7”]

A potential concern with ruthenium- and palladium-medi-
ated bond-cleavage reactions is heavy metal-associated tox-
icity. Metallic palladium is known to be relatively inert,['”% so
approaches employing heterogeneous catalysis with Pd® are
likely to have minimal cytotoxic effects. As soluble oxidized
ruthenium and palladium species can exhibit significant tox-
icity,176177] the ligands chosen for the metal catalysts in bond-
cleavage reactions should be selected to effectively bind the
metal ions and limit off-target effects. Parallels can be drawn
to the development of ruthenium complexes for targeted
cancer chemotherapy.'’¥ Light- and pH-sensitive ligands can
sequester the ruthenium ions, limiting systemic toxicity while
allowing triggerable removal of the ligands in the tumor micro-
environment to induce cytotoxicity.l'”” The metal complexes
used in the bond-cleavage reactions discussed demonstrate
minimal toxicity in typical cell culture environments,["> sug-
gesting these reactions may be sufficiently bioorthogonal to
enable dynamic modification of engineered ECMs in vitro.
However, concerns about systemic toxicity and metabolized
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products must be addressed before using such strategies to
modulate cellular microenvironments in vivo.

The use of organic small molecules in bioorthogonal bond-
cleavage reactions is a young, but rapidly growing field. The
first such cleavage reaction was reported by Versteegen et al.
in which an IED-DA reaction ultimately results in scission of
a carbamate linkage.'8% By positioning the carbamate linkage
adjacent to the double bond of a TCO moiety, the dihydropyri-
dazine product of tetrazine ligation can undergo rearrange-
ment to form a pyridazine and expel carbon dioxide and an
amine-terminated molecule.'® This reaction has been applied
to various systems,!'8! including prodrug activation!'®! and
uncaging of proteins in live cells.'82] Using this bioorthogonal
bond-cleavage reaction, Oneto et al. developed a hydrogel-based
system for local activation of the anticancer drug doxorubicin
(Figure 8).'*] The authors implanted tetrazine-modified algi-
nate gels near tumors in a mouse model and systemically deliv-
ered a TCO-doxorubicin conjugate.l'*” Doxorubicin was only
released at the tumor site, increasing therapeutic efficacy and
decreasing systemic toxicity.'"¥”! A recent report has also dem-
onstrated IED-DA-mediated cleavage of vinyl ethers to release
alcohols, as opposed to the amines released from the TCO reac-
tion scheme.[183]

Other bioorthogonal reactions have been developed more
recently to mediate bond cleavage. Matikonda et al. reported a
cleavage reaction initiated by the 1,3-dipolar cycloaddition of a
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Figure 8. A) Schematic depicting bioorthogonal ligation of a drug to, followed by spontaneous release from, an alginate hydrogel functionalized with
tetrazine. This system facilitated the localized activation of a doxorubicin prodrug to treat tumors in a mouse model. B) Treatment with the hydrogel
and doxorubicin prodrug resulted in significantly reduced tumor volume compared to systemic treatment with doxorubicin. C) Localized release of
doxorubicin via bioorthogonal cleavage from the tetrazine—alginate hydrogel resulted in less nonspecific toxicity than systemic doxorubicin treatment,
as measured by weight change in the treated mice. Reproduced with permission.l"*”] Copyright 2016, American Chemical Society.

p-aminobenzyloxycarbonyl azide and TCO.!'¥ The resulting
triazole is unstable in aqueous environments and undergoes
multiple rearrangements to ultimately eliminate an amine-
bearing molecule.'®] Pawlak et al. used a traditional Staudinger
reduction to unmask a lysine-containing antigen on the surface
of dendritic cells to control T cell activation.[*®] Finally, Kim and
Bertozzi developed a novel, bioorthogonal, bond-cleavage system
that uses N-oxides and boron-containing reagents.'8¢l

4, Conclusions and Future Directions

The chemical selectivity provided by bioorthogonal reactions
can enable careful manipulation of engineered ECMs to probe
cell-matrix interactions and to provide signals that direct
cell fate. Several different bioorthogonal reactions have been
employed to prepare covalently crosslinked hydrogel platforms
that support the culture of encapsulated cells. Advancements in
bioorthogonal reaction pairs have allowed for improved gela-
tion kinetics in SPAAC- and IED-DA-crosslinked hydrogels,
opening opportunities for applications in cell transplantation
and bioprinting that require rapid gelation. Developments in
supramolecular hydrogels represent potential bioorthogonal,
physically crosslinked systems with similar potential applica-
tions due to their shear-thinning properties.!'%”]

Translating bioorthogonal gelation chemistries to these
applications will require both optimized synthetic schemes for
producing the hydrogel precursors at scale and additional in
vivo studies to elucidate the longer term effects of implanting
materials crosslinked by bioorthogonal reactions. As presented
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in Figure 3, progress has been made in minimizing the syn-
thetic complexity of bioorthogonal gel precursors. For instance,
the development of BCN was motivated by a desire to decrease
the number of synthetic steps and increase yields of strained
cyclooctynes for SPAAC.! Additionally, the development of
novel synthesis procedures, like continuous-flow UV-mediated
isomerization in the synthesis of trans-cylcooctenes, ' has
resulted in improved yields. While bioorthogonally crosslinked
gels elicit minimal inflammation in vivo,12$295253621 gystemic
effects of the degradation products of such materials should
also be investigated. Previous reports indicate that phosphines
used in Staudinger ligation®% and alkynes used in 1,3-dipolar
cycloadditions!'®® may be metabolized by cytochrome P450
enzymes. The triazoles formed from 1,3-dipolar cycloadditions
may also interact with cytochrome P450, as triazole derivatives
have been reported as potential P450 inhibitors.'!l An addi-
tional concern when designing dynamic materials through
bioorthogonal chemistries for in vivo use is the stability of the
reactive moieties. For instance, many tetrazines exhibit poor
serum stability,®? but some methyl-terminated tetrazines
have been reported with improved stability.'°3] Highly strained
trans-cyclooctenes have been shown to undergo trans/cis
isomerization in the presence of thiols,? suggesting these
very reactive dienophiles may not be sufficiently stable for in
vivo applications where thiols could result in inactivation of
the functional group. To address such concerns, Darko et al.
recently developed a strained dioxolane-fused trans-cyclooctene
with improved serum stability.'*! Continued optimization of
bioorthogonal reaction pairs may further expand the in vivo use
of engineered ECMs utilizing these chemistries.
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Beyond uses in hydrogel crosslinking, the highly specific
nature of bioorthogonal reactions makes them ideal mecha-
nisms to dynamically modify engineered ECMs. Studies using
light- and enzyme-induced changes in matrix biochemistry and
mechanics have demonstrated that cells sense and respond
to changes in their microenvironment. The development
of bioorthogonally tunable dynamic materials can permit
enhanced selectivity in modulating matrix properties without
concerns for potential off-target effects on the cells being
manipulated. While a few studies have demonstrated the poten-
tial for traditional bioorthogonal ligation reactions to dynami-
cally alter hydrogel matrices in vitro and in vivo,?>140147] the
possibilities to adapt bioorthogonal ligation and bond-cleavage
reactions to alter matrix biochemistry and mechanics remain
underexplored. Ultimately, engineered ECMs exploiting
bioorthogonal interactions may permit more sensitive studies
of cell-matrix interactions and more robust therapeutic plat-
forms for drug delivery and tissue engineering applications.
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