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Light-based fabrication and
4D customization of hydrogel
biomaterials

Abstract Sections

Light hasbecome an essential tool to make and manipulate living Introduction
systemsintheincreasingly intertwined fields of cell biology and Light-based chemistries
materials science. With the ever-expandmg interdisciplinary nature Light-based fabrication

of current scientific research and the ongoing hunt for orthogonal, and modification
high-precision stimuli for biomaterial synthesis and modification, Post-synthetic hydrogel tuning

light has emerged as the gold standard with its low cytotoxicity and
high bioorthogonality, enabling the modulation of propertiesin both
3D space and time (thatis, 4D). Not only canlight govern when and
where changes occur, dosage modulation permits control over the
extent of material customization, providing aroute to engineered
constructs approaching the 4D complexity of native tissue. Recent
technological innovations span advancesin stereolithography, digital
light processing, volumetric bioprinting, multiphoton lithography and
grayscale fabrication. Material chemistries have matched pace with the
technologies: novel photochemistries permit the building of dynamic
materials with complex mechanical and biochemical functionalities,
such as on-demand protein activation, rapid gel formation/degradation
and immobilization/release of signalling factors. Herein, we discuss
the union of rapid light-based manufacturing and photoresponsive
chemistries and highlight future opportunities using photochemistry
in the design and user-defined customization of hydrogel biomaterials.
We anticipate that these areas will continue to evolve in tandem and

be influenced by new insights from traditionally disparate disciplines
(such as protein engineering and inorganic chemistry), facilitating
further discoveriesin cellular development and disease progression,
as well as orchestrating advanced tissue construction.
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Key points

e Lightis a uniquely powerful stimulus for creating and modifying
hydrogel biomaterials with full spatiotemporal control in the presence
of cells.

o Diverse photochemistries have been developed that proceed
rapidly, bioorthogonally and reversibly, increasingly with a focus on
wavelength selectivity and protein/inorganic-based species.

¢ Novel light-based manufacturing tools such as volumetric printing
and multiphoton lithography have drastically increased the speed and
precision of material customization.

o Light-responsive materials whose physicochemical properties can be
(reversibly) modulated have enabled the study of dynamic processes
such as fibrosis and mechanomemory.

¢ Photopatterned formation and/or modification of materials opens
new doors for engineering structurally complex and heterogeneous
functional tissues.

Introduction

Tissue development, organization and homeostasis, as well as patho-
logical progression, are governed by complex interactions between
cells and their surrounding environment. Comprised of a mesh of
proteins, polysaccharides, proteoglycans and other signalling mol-
ecules, the extracellular matrix (ECM) physically and biochemically
supports and guides the function of resident cells. The ECM’s 3D spa-
tial heterogeneity is evident amongst and within tissues, leading to
differential cell populations, tissue organization and distinct organ
function. Moreover, such physicochemical properties vary over time,
preceding and accompanying both normal and pathological processes.
Although conventional 2D culture has proven usefulinelucidating the
biochemical signalling pathways activated by user-defined ECM com-
ponents, such methods suffer fromanintrinsicinability to recapitulate
the 4D complexity of native tissue (that is, its variations in both 3D
space and time). In vivo animal models alternatively enable the study
of the dynamic and more natural interactions of cells and the ECM;
however, they are costly and difficult to control, and they have varying
applicability to human biology. Hydrogels — water-swollen polymeric
networks derived from synthetic and/or natural precursors — combine
many of the benefits while sidestepping the limitations of these two
conventional platforms.

Hydrogels balance reductionism andintricacy: they are based on
comparatively simple polymeric backbones but canbe engineered to
respond to a myriad of stimuli, providing a route to mimic biology’s
native heterogeneity. Owing to its unique ability to customize and
reprogramme materials over both time and space, light has been cata-
pultedinto the spotlight for advanced biomaterial fabrication’. As the
fields of tissue engineering and disease modelling have approached a
new level of complexity, the material platforms, as well as the chem-
istries necessary for this level of control, have followed closely in
suit. Here, we review advances that leverage light to create and/or
post-synthetically tune biomaterials, placing emphasis on chemistries
and fabrication methodologies introduced over the past 5 years that
have opened new doors for probing and directing biology in 4D'.

Light-based chemistries

Hydrogel photoresponsiveness typically arises from functional groups
that have beenintentionally incorporated within the system as opposed
to stemming from some intrinsic property of the polymers themselves.
Insuchsystems, absorbed photons caninduce material changes through
the catalysis of primary photochemical events. Although most photo-
chemistries proceed through a one-photon-one-reaction-type mecha-
nism, others canbe used to drive self-propagating reactions thatenable
rapid and large-scale material alteration with comparatively few pho-
tons. Here, we focus our discussion on primary photochemical reactions
that drive bond formation, scission and isomerization? (Table 1).

Making bonds
Acrylates, methacrylates and chain-growth polymerizations. Given
its ease, rapidity and cytocompatibility, as well as the facile access to
syntheticmonomer precursors, photoinitiated radical polymerization
hasestablished itselfas the most popular type of photoreactioninthe
biomaterials community. These bond-forming chemistries originate
fromindustry, in which ultraviolet (UV) curing of acrylates was popu-
larized in the late 1960s for use in adhesives and coatings. In radical
chain-growth polymerization, a light-exposed photoinitiator (a mol-
ecule or complex that absorbs photons upon exposure to light and
formsreactive species that caninitiate bond formation/scission reac-
tions) cleaves or abstracts ahydrogen atom to generate active radicals
(Box1); these active centres then propagate across alkene-containing
monomers, creating carbon-centric radicals that cango ontoreact with
otheralkenesinaself-propagating mechanism. Radical recombination
resultsinreaction termination®. Light-responsive polymerizations for
creating hydrogels emerged in the mid-1990s, with multiple seminal
works modifying linear polyethylene glycol (PEG) with acrylate end
groups via areaction with acryloyl chloride. PEG was copolymerized
with a-hydroxy acid and capped with acrylate end groups, enabling
controlled degradation via hydrolysis and in situ photopolymerization
inrabbit models of injured arteries*. These efforts demonstrated the
ease of use and utility of light for rapidly making hydrogels, establishing
thefoundation for the now extensive light-based hydrogel community.
Methacrylate/methacryloyl functionalization of natural bio-
materials such as gelatin (to obtain ‘GelMA’), hyaluronic acid, col-
lagen and dextran is readily obtained via a simple reaction between
methacrylic anhydride and free amines; such modifications enable
the control of network formation, creating stiffer and more uniform
stand-alone materials than those otherwise obtained using natural
biomolecule-based gels®". Of note, acrylate and similarly photo-
polymerizable acrylamide groups can be made to react with cysteines
in a base-catalysed Michael-type addition or through photoinitiated
mixed-mode radical polymerization, enabling the incorporation of
native biomolecules™ ™. Mixed-mode polymerization combined with
enzymatic degradation has found application in photoexpansion
microscopy’®. However, the major drawback of using chain-growth
polymerization remains the heterogeneity in network formation,
which leads to decreased mechanical integrity and increased rates
of erosion”.

Photoclick reactions

Thiol-based additions. Stepwise network formation — processes
achieved through polyaddition/polycondensation reactions of com-
plementary reactive groups — yields greater material homogene-
ity at the molecular level. The thiol-ene photoreaction has proven
the most popular of such chemistries, as it affords increased
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AFCT, addition-fragmentation chain transfer; BODIPY, boron-dipyrromethene; DHTz, dihydrotetrazine; Dronpal45N, a monomeric fluorescent photoswitchable protein isolated from coral; LASL, light-activated SpyLigation; LOVTRAP,

LOV2 trap and release of protein; NA, not applicable; NITEC, nitrile imine-mediated tetrazole and ene 1,3-dipolar cycloaddition; oNB, ortho-nitrobenzyl; PhoCl, photocleavable protein; Ru, ruthenium; SP, spiropyran. ®Potential

cytocompatibility concerns. PReaction has been conducted with cells present; however, it has not been shown for biomaterials.

reaction cytocompatibility via shorter-lived free radicals accompa-
nying polymerization'®. Although thiols react withlinear alkenesin the
presence of a radical initiator, this addition typically does not occur
inal:1ratio outside of very special cases (for example, allyl ethers).
This mixed-mode reaction proceeds simultaneously through both
step-growth (thatis, thiol-ene — atype of polymerization mechanism
involving complementary reactive groups in which bifunctional or
multifunctional monomers undergo successive reaction with another
monomer to first formadimer, thena trimer and then oligomers) and
chain-growth (that is, alkene homopolymerization — wherein mono-
mer molecules add one at atime to the active site of agrowing polymer
chain) mechanisms. To circumvent this, norbornene, a highly strained,
bicyclic alkene that preferentially undergoes a 1:1 stepwise addition
with a thiol radical, was introduced”. PEG thiol-ene hydrogels were
first formed and used for therapeutic delivery” and for encapsulating
pancreatic B-cells'®. Robust methods exist to functionalize gelatin,
collagen, hyaluronic acid and, more recently, carboxymethylcellu-
lose, while retaining native cellular affinity and bioactivity? . The
ease of modification of various natural materials with -ene groups
and the robustness of this reaction have enabled many biological
labs with limited synthetic accessibility to enter the biomaterial and
biofabrication space.

As thiol-ene chemistry continues to gain popularity for mak-
ing materials, several groups have considered how hydrogel stability
relates to the polymer functionalization routes and ene type. Tradi-
tional ester-linked norbornene-thiol networks degrade on the order
of daysto weeks, inacontextinwhich the hydrolysisrateis dependent
on the charge of the crosslinking peptides®. Towards the design of
more hydrolytically stable networks, alloxycarbonyl groups have been
used for thiol-ene reactions. The alloxycarbonyl group is acommon
protecting group for the primary amine onlysine; simply incorporating
this protected amino acidinto a peptide sequence enables crosslinking
with PEG-tetrathiol or patterning of thiol-containing biomolecules?*,
1,2-Dithiolanes were also proposed as dynamic thiol-ene covalent
crosslinkers that undergo light-induced ring-opening polymerization
andformlinear, reversible disulfide crosslinks without a photoinitiator.
However, inthe presence of aphotointiator and an alkene (such as nor-
bornene), dithiolanes canform permanent thioether bonds, enabling
control over the ratio of dynamic and static crosslinks***°. Despite being
new, we surmise that dithiolane chemistry will gain more traction in
thefield, owingtoits easily obtainable starting materials and the pos-
sibility for post-gelation modification via reversible bond formation,
which is not accessible with more traditional thiol-ene chemistries.
Other reviews have analysed the application of thiol-ene chemistriesin
photoclick reactions and drug delivery®**,

Cycloadditions. [2 + 2] and [4 + 4] dimerizations and [1,3]-dipolar
cycloadditions have emerged as prominent playersin the photopolym-
erization space. Included among the first cycloadditions for hydrogel
formationisthe coumarin dimerization for crosslinking polyoxazoline
hydrogels®. Coumarin undergoesa[2 + 2] cycloaddition viaa cyclobu-
tanelinkage under 365 nmlight, but cycloreverts uponshort-wave UV
irradiation (254 nm), yielding soluble monomers. This reaction cyclic-
ity canbeleveraged to develop recyclable hydrogel materials and nano-
particles; however, the use of short-wave UV irradiation precludes the
reversibility of this systemin a cellular context®* . Two-photon cyclor-
eversion (532 nm) may be a possible workaround, butits cytocompat-
ibility remains untested®®. Anthracene, another polycyclic aromatic
hydrocarbon, also undergoes a[4 + 4] cycloaddition under 365 nmlight
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Box 1| Photoinitiators

One key factor in many photopolymerizations is the photoinitiating
system (PIS), which can involve various combinations of
photoinitiators—molecules that create reactive species when
exposed to light—and/or photosensitizers—light-absorbing
molecules that can alter a photochemical reaction. Photointiators
are divided into two broad classes: type | photoinitiators directly
cleave into two radicals that can initiate polymerization, whereas
type Il species generate radicals in the presence of co-initiators in
a multistep sequence®?? (see the figure). Type Il photoinitiation
processes can proceed in response to lower energy visible light,
but they tend to be slower and less efficient due to the presence of
competitive reactions during photoexcitation involving the monomer,
co-initiator and oxygen. By contrast, type | processes proceed
efficiently but typically require higher-energy photons (ultraviolet
(UV) light) to cleave a bond.

Single-photon PIS: Two type | photoinitiators dominate the
biomaterials field: 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1-propanone (that is, 12959)?*% and the phosphine-derived
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)*?’. Despite
being popular owing to its cytocompatibility, 12959 is poorly soluble
in water under ambient conditions; although theoretically soluble
near 2wt% (~-89mM), high concentrations often require extensive
sonication (lasting even days or weeks) to be achieved. Additionally,
although 12959 is responsive to UV light, its molar extinction
coefficient—the measure of how strongly a compound absorbs light
at a given wavelength—at 365nm is low (4M™ cm™) and trails off
entirely by 370 nm, necessitating greater light dosage for complete
polymerization. LAP displays higher solubility, polymerization rates
and absorbance above 400nm than 12959, enabling efficient and
cytocompatible violet light-based polymerization?”’. LAP is the
current standard for most in vitro applications.

Type Il visible light-responsive alternatives include eosin Y,
a common dye used in histology**??, typically alongside a coinitiator
and accelerant species (for example, 1-vinyl-2-pyrrolidinone)
with a peak absorption of 517nm. However, because eosin Y can
abstract hydrogens from thiols, this initiator can be used for direct
visible light-based polymerization of thiol-norbornene systems
without other species®°. Similarly, the ruthenium(ll) tris-bipyridyl
dication and sodium persulfate (Ru-SPS) complex that has gained
traction in the biofabrication space due to the lower cost of visible
light sources for commercial digital light processing printers,
can respond to 450 nm light*'. The Ru-SPS system has seen use
for crosslinking protein-based systems such as decellularized
lung extracellular matrix**? and cartilage-like proteins®®, as well
as methacrylated bovine serum albumin (BSA) and gelatin?®*%°,
Although this system enables photoinitiation of crosslinking
reactions squarely in the visible spectrum, undesired component
radical formation, particularly when used with thiol-ene coupling,
can occur in the dark?®.

Two-photon PIS: In these reactions, a PIS must absorb two photons
from the near-infrared region to generate free radicals directly or
indirectly for subsequent polymerization. Critically, for efficient
reactions, these molecules must have a high two-photon absorption

cross section—the probability of the simultaneous absorption of
two photons by an atom—as well as a high initiating efficiency.

As intramolecular charge transfer is the driving force for these
reactions, these species are characterized by strong donor-acceptor
groups and highly conjugated, coplanar m-systems, with a low
fluorescent quantum yield, meaning that most of the absorbed
photons are not converted to emitted light, yielding instead a

high population of active states that can participate in two-photon
photopolymerization®”. To make these photoinitiators water-soluble,
a series of type Il cyclic benzylidene ketone-based molecules

(for example, G2CK and P2CK) (see the figure) were developed

to enable the two-photon photopolymerization of GelMA
(methacrylate/methacryloyl-functionalized gelatin); however,

cell viability is very low in biofabricated structures, purportedly

due to peroxyl radicals formed from the photoinitiator scission®®.
More recently, aryl diazosulfones (such as 4,4'-(1,2-ethenediyl)

Photoinitiation mechanisms
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(continued from previous page)

bis[2-(3-sulfophenyl)diazenesulfonate), which cleave rapidly
and unimolecularly, thus reducing the formation of undesired
singlet oxygen species, have been reported with enhanced

andreverts to the monomeric state thermally or under <300 nmlight.
This reaction has been used for forming and photostiffening PEG
hydrogels®~*'. By placing an electron-rich group at the 9-position of
the anthracenering, dimerization can be further red-shifted to occur
under exposure to wavelengths of light in the 400-500 nm range*..
Similarly, dibenzocyclooctyne (DBCO)-functionalized polymers also
undergo aradical-mediated cycloaddition**.

Nitrile imine-mediated tetrazole and ene 1,3-dipolar cycloaddi-
tion, first reported in 1967 (ref. 45), has been rediscovered and repur-
posed for photoactivatable bioconjugation; however, its potential
remains relatively untapped. In this [3 + 2] cycloaddition reaction,
a tetrazole-containing compound photolyses upon exposure to
302-365 nm light, releases nitrogen gas and forms a reactive a nitrile
imine moiety that undergoes rapid and highly specific conjugation with
anelectron-deficient alkene or alkyne to formastable pyrazoline-based
linkage*®*. The rate of the reaction can be increased, primarily by
tuning the highest occupied molecular orbital (HOMO) energy of
the tetrazole by adding electron-donating methoxy substituents
at the para position of the aryl rings; moreover, the wavelength of
light triggering cycloaddition can be red-shifted to the near-infrared
(NIR) region by substituting the aryl rings for naphthalene function-
alities or using upconverting nanoparticles*°. These cycloaddi-
tions have been used for labelling proteins and nucleotides in live
bacterial and mammalian cells, as well as in mouse models with both
single and multiphoton techniques***2, This reaction has been used
to assemble macromolecular structures such as block copolymers,
films and PEG hydrogels******. The lack of catalyst, full bioorthogonality
(aclass of reactions that proceed rapidly and selectively in biological
environments, without reaction with native biochemical residues), fast
gelation times (<5 min) and spatial control over polymerization make
this a potentially attractive system for future applications, yet syn-
thesis of tetrazole reagentsis not as accessible as other more popular
chemistries™.

The desire for multiplexing stimuli and in vivo crosslinking for
implants has necessitated the development of red-shifted step-growth
reactions. For these applications, expanded m-conjugated systems
with higher absorption bands that lower the energy required for a
T-Tt* transition have been developed. Styryl pyrene systems have
been used for stepwise PEG hydrogel formation, as they undergo a
[2 + 2] cycloaddition at 410 nm, which canbe reversed at 330-340 nm,
enabling orthogonal coupling and decoupling of polymer chains>>°.
However, water solubility and cytocompatibility concerns remain. An
acrylamidylpyrene system was developed to address these limitations,
dimerizing at wavelengths in the 420-490 nm range. Interestingly,
although not apparent from the UV-visible (UV-Vis) spectra, the acryla-
midylpyrene cycloaddition reactivity is sufficiently red-shifted from
that of styryl pyrene, enabling the stepwise stiffening of the hydrogel
systemby including both styryl pyrene and acrylamidylpyrene on PEG
star polymers®’. Further efforts have continued to push the boundaries
of red-shifted cycloadditions, such as that of styrylquinoxaline, which
canbeactivated by greenlight (up to 550 nm) to form1 cm-thick gels™.

cytocompatiblity”®. The current lack of commercial availability of

such water-soluble photoinitiators has largely limited their usage in
the biomaterials space.

Tyrosine dimerization. To easily crosslink protein-based hydro-
gels, tyrosine dimerization has commonly been implemented to
form covalent bi-phenolic bonds in natural materials such as silk
and mussel-adhesive proteins®*°. Although this reactionis naturally
catalysed by a large group of metalloenzymes (such as horseradish
peroxidase), it can also be photo-triggered in the presence of atypell
photoinitiator®. These chemistries are not limited to protein-based
hydrogels: by including tyrosine moieties on polymers such as poly-
vinyl alcohol, growth factors can be non-specifically tethered to
gelsandreleased based on the hydrolytic degradation of the overall
material®®. For example, dynamically stiffening PEG-peptide hydro-
gelscanbedeveloped: theinitial network was created with a stepwise
thiol-ene reaction, and upon incubation with the photoinitiator
flavin mononucleotide, secondary crosslinking between tyrosines
included in the peptide crosslinkers occurred at 440 nm (ref. 63).
This strategy offers a simple and robust method for crosslinking
hydrogels with visible light. However, natural materials such as col-
lagen contain few tyrosine residues, causing only small changes in
their mechanical properties; this chemistry for biomaterial assembly
may become more popular with the advent of rationally designed
protein crosslinkers.

Making via breaking (photouncaging and photooxidizing chemis-
tries). Here, we introduce the concept of ‘making viabreaking’: theidea
that chemistries can be rendered inactive by a protecting group that
canbe ‘broken off’, enabling the unhindered ‘making' or formation of a
newbond. Many such approachesinvolve photocages — chemical moie-
tiesthatare cleaved offinresponse to light and thus expose areactive
group for subsequent click reactions. Although these chemistries have
been primarily used for biochemical patterning, some have also been
used for material photopolymerization. Initial efforts were focused on
photocaging thiols and amines.

Ortho-nitrobenzyl (oNB) is arguably the most popular photo-
protecting group in synthetic chemistry. The photorelease mecha-
nism proceeds once an incident photon breaks the m-bond in the
nitro-group, causing the excitation of the substrate to a diradical
state. The reaction then proceeds via an aci-nitro intermediate state,
as the nitrogen radical abstracts a proton from the benzylic car-
bon; the ground state tautomer intermediates can then undergo a
cyclization reaction to form a five-membered ring that includes the
nitrogen. The photoprotecting group is then cleaved off, yielding
2-nitrosobenzaldehyde, a molecule of carbon dioxide and the newly
deprotected functional moiety®. The related 2-(2-nitrophenyl) propy-
loxycarbonyl photoprotecting group has been used for photocaging
alkoxyamines, which, upon uncaging, can form stable oxime link-
ages with benzaldehydes, for both patterning biomolecules®** and
crosslinking of step-growth-type hydrogels®. 2-(2-Nitrophenyl) propy-
loxycarbonyl has additionally seen use in caging amines that react with
azolactones in photomediated ring-opening reactions, generating
pH-responsive hydrogel actuators®. oNB-caged lysines have also been
applied to cage the spontaneous and covalent ligation of SpyCatcher
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protein and its peptide partner SpyTag; this ‘light-activated SpyLiga-
tion”has beenleveraged for patterned immobilization and functional
assembly of proteins in hydrogels®s.

Coumarin-based photocages have been explored as analternative
to oNB groups owing to their fast cleavage rates, red-shifted absorp-
tion, two-photon sensitivity and biocompatibility®. For example, the
phototrigger group (7-methoxycoumarinyl)methyl was used for caging
small molecules such as cAMP and glutamate, which could be uncaged
in physiologically relevant buffer and in brain slices®®’°. The reaction
range canbe further red-shifted to encompass wavelengths as high as
600 nm by extending the r-system and including a heterocycle moiety
withaquaternary nitrogen”’. Toimprove multiphoton-based uncaging,
the 6-bromo-7-hydroxycoumarin sulfhydryl protecting group was used
for patterning more complex biomolecules’”*; this same photocaging
group can also mask amines™.

Although nitrobenzyl and coumarin-based systems remain popu-
lar and the most widely applied strategies for photocaging reactive
groups, several other photocaging systems have been proposed. For
example, awater-soluble cyclopentadienone-norbornadiene photoc-
age undergoes aretro Diels-Alder cleavage upon exposure to 365 nm
light, losing carbon monoxide and a substituted benzene by-product
while formingareactive cyclopentadiene that can undergo Diels-Alder
cycloaddition with a maleimide””. This platform was used to modify
3D-printed PEG-diacrylate hydrogels post-polymerization at 405 nm
with maleimide-bearing biomolecules”. Alternatively, photo-strain-
promoted azide-alkyne cycloaddition was introduced to provide spatial
control forapopular form of click chemistry; by appending a cyclopro-
penone cage sensitive to 350 nm light, photoexcitationyields adiben-
zocyclooctyne that reacts with an azide to form astable triazole bond””.
This chemistry was used for the multiphoton patterning of AlexaFluor
moleculesin mouseintestinal crypts and polyacrylamide hydrogels™”.
However, this platform has not yet seen wide adoption for biomaterials,
despite being an example of bioorthogonal click chemistry.

Photocaging theinverse-demand Diels-Alder addition betweena
tetrazine and alkene or alkyne dienophiles has alsobeen demonstrated®’.
Dihydrotetrazine (DHTz) undergoes oxidation under red light in the
presence of a photosensitizer (a compound belonging to a class of
molecules that absorb light to expedite a photochemical reaction)
to form a tetrazine, which then reacts rapidly with moieties such as
trans-cyclooctynes or norbornenes. This reaction was used to spatially
immobilize RGD — a cell-adhesive peptide derived from fibronectin —
modified with trans-cyclooctynes on DHTz-containing fibres®’. Addi-
tionally, multi-arm PEG monomers can be functionalized with either
DHTz or norbornene to polymerize hydrogels through 1 cm dermal
tissue models using 625 nm light®'. However, the tetrazine moiety is
pronetoreductionin media. As such, afuran precursor that generates
an aldehyde upon exposure to red light (625 nm) along with a photo-
sensitizer that would react with a hydroxylamine was developed; this
system proved to be more stable and enable crosslinking behind a
biomimetic phantom®,

Another promising set of candidates, boron-dipyrromethene
(BODIPY)-based photocages, have been widely used to develop
more red-shifted chemistries to achieve maximum tissue pen-
etration with low phototoxicity. For example, density functional
theory computational studies revealed meso-substituted BODIPY
scaffolds as ideal photocages, with high molar extinction coefficients
(-50,000-70,000 M cm™), good thermal stability (survives boiling
for 1h with no degradation) and tuneable absorptions throughout
thevisible spectrum®. Photorelease studies demonstrated the ability

to unmask carboxylic acids and amines with green light (>500 nm)®.
This family of BODIPY-derived photocages was further expanded
by adding conjugate moieties to the a-positions of the dipyrrome-
thene groups; this further red-shifted maximum absorption values to
between 580 and 690 nmand afforded quantum yields similar to those
of oNB groups®*. However, these compounds suffer from low aqueous
solubility; therefore, a heterocycle moiety with electron-withdrawing
sulfonate groups was proposed®. For example, a four-arm PEG with a
BODIPY thioether was synthesized that would undergo thiol-yne addi-
tionwithfour-arm PEG-propiolate and unmasking of the thioether upon
green light illumination (530 nm). This system demonstrated excellent
mechanics, stability and cell viability®. Following this work, synthesis
and characterization of BODIPY photocages was also reported for
amines, hydrazines and aminooxys for use in mild and rapid hydro-
gel formation. The gelation of a poly(ethylene glycol methacrylate)
scaffold was controlled stepwise with BODIPY-protected amines that
reacted with phthalaldehyde moieties on a modified poly(ethylene
glycolmethacrylate) copolymer®. Furan/DHTz oxidation and BODIPY
cages are the most red-shifted chemistries currently used for the con-
trolled assembly of macromolecular structures; however, many more
visible light and NIR photocages, such as those based on vitamin B12
or cyanine, have been proposed for applications such as in vitro and
invivo biosensors and as drug-photocages, which may prove useful for
identifying new biomaterial chemistries®®. For now, difficult syntheses
of these novel cages proves to be a barrier for wider adoption.

Breaking bonds — photo-clip reactions

As we have considered making bonds with the help of light (often
through ‘click’-like processes), we must also consider the converse:
breaking bonds with light, which we refer to as ‘photo-clip’ reactions,
afurther extension of the term coined by the Johnson group®. Due to
itsinherentbioorthogonality to cellular processes, light has often been
used as aninput for breaking down hydrogels for cellular release or for
delivery of small molecules and biologics. Although this side of the
biomaterials field has seen less overall development than the photo-
polymerization space, a few key chemistries based on oNB, coumarin
and ruthenium stand out and are highlighted below.

oNB. Although oNB-based cages have been used extensively to form
or subsequently decorate hydrogels, these species can also be used
as photodegradable linkers wheninserted between species. oNB link-
ers have been included in both peptide and PEG crosslinkers for the
controlled degradation of inner channels to mimic vasculature and
direct neural outgrowth®”’', modulate hydrogel mechanics®**?
and release cells’*. A series of photodegradable oNB tethers with
various functionalities at the benzylic position and varying number
of aryl ether groups were further developed to enable the complex,
multiplexed release profiles of model therapeutics™, or to release small
molecules and proteins”®, While these previous examples explored
binary release or degradation, grayscale degradation to modulate
surface mechanics was first reported in an oNB-crosslinked gel film?’.
Two-photonlithography further enables grayscale control over 4D pro-
tein photorelease from hydrogels'®’. Although oNB generally exhibits
low responsiveness to multiphoton activation, using photosensitizers

(such as P2CK) (Box 1) can greatly accelerate photocleavage'".

Coumarins. Coumarins uniquely exhibit both photo-click and
photo-clip reaction mechanisms. This propensity must be care-
fully considered when breaking down macromolecular assemblies.
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Therefore, few reports exist of coumarin photocages in the hydro-
gel backbone. Click-formed PEG and polyacrylamide gels have both
been crosslinked with coumarin-based crosslinkers that degrade on
demand with 365 and 405 nm light, as well as two-photon irradiation
at wavelengths up to 860 nm (refs. 102,103). Coumarin linkers have
also been used for the release of a model antibody'®* and to modify
a polyazophene-based polymer that upon exposure generated a
macromolecular photoacid that rapidly hydrolytically degraded
the polyphosphazene backbone'®. As such, coumarins are excel-
lently suited as a photolabile motif for biomolecule release in which
the dimerization reaction is not counter-productive and less so for
structural degradation.

Ruthenium. In the search for photolabile groups susceptible to
low-energy light, some recent biomaterials systems have embraced
inorganic chemistry. Ru polypyridyl complexes exhibit the unique
ability to exchange a pyridine ligand upon exposure to visible lightina
radical-free manner. Moreover, their optical properties are tied to the
ligand identity around the Ru core, enabling the development of com-
plexes that absorb over the entire visible spectrum and into the NIR'*®.
Ru-based crosslinkers have been created bearing azide'”’, aldehyde'®,
amino-methyl pyridine'*® and poly(4-vinylpyridine) moieties'’, allowing
for click-based or free-radical polymerization hydrogel assembly and
have been used torelease TEM1 3-lactamase, as well as fibroblasts, with
light wavelengths ranging from 450 nm to 617 nm (refs. 107,108). The
photodegradation of gels mixed with various Ru-based crosslinkers can
be multiplexed through complex tissue up to 2 cm-thick'”’; these gels
have alsobeen observed to rapidly photosoften viamultiphoton-based
photodegradation'®. Nonetheless, the potential cytotoxicity of the
by-products of degraded Ru-based crosslinkers, as manifested by Ru’s
active use in photodynamic therapies as an antitumour agent, will be
importantto fully resolve for this chemistry to flourish.

Photoresponsive proteins. An alternative approach for photo-clip
chemistry involves light-response proteins. The major benefit of
recombinant platforms is the ability to genetically encode properties
of interest without having to pursue difficult syntheses; however, this
doesrequire adistinct set of skillsand equipment for the purification
of proteins. Many of these systems can be clicked into conventional
synthetic or natural precursors, or recombinantly expressed as large
fusion constructs with flanking spacing domains (such as elastin-like
polypeptides) and then assembled via orthogonal reactions such as
SpyTag/SpyCatcher™ or SnoopTag/SnoopCatcher?. One photo-clip
protein systemis CarH, a transcriptional regulator controlling bacte-
rial carotenoid synthesis that tetramerizes in the presence of adeno-
sylcobalamine in the dark but will dissociate upon exposure to green
(522 nm) light™>"™, Alternatively, photocleavable protein (PhoCl) is a
green fluorescent protein that undergoes irreversible backbone scis-
sion near its C terminus upon exposure to 400 nm light and has been
used to selectively release C-terminally-fused proteins and peptides
from hydrogels">"°.

Reversible bond exchange orisomerization

As researchers attempt to further recapitulate the 4D complex-
ity of biological processes, reversible chemistries for sequentially
tethering/releasing biomolecules or cyclically modulating mechanics
are garneringinterest. Although some click/clip-type chemistries can
be performed iteratively (for example, visible thiol-ene followed by
oNB degradation)"’ — enabling a single cycle of forming one bond and

thenbreaking another chemically distinct bond’®"™® — there is growing
interest in systems offering full reversibility.

E/Z isomerizations of azobenzenes and other systems. Azoben-
zenes represent the most prominent synthetic route for endowing
hydrogels with switchable properties. Azobenzenes convert fromthe
thermodynamically stable E conformation to the less stable Z isomer
when exposed to UV light (-340 nm); they thenrevertback to the E con-
formation upon irradiation with blue light (450 nm)"”. This reac-
tion has since been red-shifted by ortho-halogenating the benzene
moieties'?*'?!, The isomerization changes the local packing of the
intermolecular microenvironment and alters cation-Tt interactions,
enabling modulation of the non-covalently-assembled complexes.
Using this photoswitchin tandem with host-guest chemistry enables
sol-gel modulation, as azobenzene can act as a guest of 3-cyclodextrin
in the trans configuration but not in the cis configuration'?* >, Alter-
natively, the E/Z isomerization of an azobenzene group can be taken
advantage of to control boronic acids/ester interconversion, enabling
the generation of reversibly stiffened hydrogel networks. This reac-
tion can be red-shifted (626 nm) by replacing the fluorine atoms with
methyl ether groups''%,

Most work with photoswitches (chemical groups with two states
that can be cycled between via light exposure) targets the classical
switching between states A and B using wavelengths that maximize the
macroscopic response — specifically the full phase transition. However,
inasupramolecularly assembled hydrogel system, the E/Zisomerization
of arylazo-bis(o-methylated)pyrazole can be wavelength-gated;
that is, although illumination with 536 nm light would fully convert
the compound to the E conformation and illumination with 375 nm
light would fully convert it to the Z conformation, intermediate
wavelengths would yield a mixture of E and Z isomers'”. Gels could
undergo more than 30 photoswitching cycles with very little mechanical
fatigue and access a wide range of stiffnesses. This study represents
the first instance of wavelength-dependent mechanical properties
inthe hydrogelfield, although we expect that similar approaches could
beapplied to other systems.

Addition-fragmentation chain transfer. Drawing inspiration from
common chain-transfer agents used in the polymer field, this chem-
istry leverages allyl sulfide crosslinking groups that can rearrange via
an addition-fragmentation chain transfer process. A single photon
cleaves the type I photoinitiator, which then generates thiyl radicals
from free thiols in the system; these thiyl radicals can then attack the
allyl sulfide moiety, causing the formation of an unstable intermedi-
ate, which rapidly undergoes B-scission and eliminates an alkylthiol'*,
Alternating cycles of thiol-ene addition canlead to reversible pattern-
ing of peptides'”’, proteins™®and viscoelasticity’”. By flooding the sys-
tem with excess free thiols such as methoxy-PEG-thiol or glutathione,
the network can also be rapidly photodegraded'**"*>**, However,
unproductive side reactions cause this chemistry to lose over 50% of
its potential reactivity with each cycle, limiting the reversibility.

Photoresponsive proteins. Stimuli-responsive protein pairs are an
excellent option for endowing biomaterials systems with reversibility.
One of the more common protein-based reversible systemsis based on
the LOV2 trap and release of protein (LOVTRAP)™: in this system, the
small, engineered Zdark protein has a high affinity for the dark state of
LOV2, aphotosensor domain fromthe oat plant Avena sativa phototro-
pin1,and alow affinity for the light state (450-490 nm). Originally, this
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technique andits derivatives were developed for the precise and revers-
ible control of protein activation kinetics, butit has since been applied
tothe photomediated assembly of recombinant hydrogels®, the revers-
ible decoration of hydrogels with grayscale control”** and the cyclic
modulation of mechanics™**°, Other photosensitive pairs exist as well:
the photosensory module of the cyanobacterial receptor Cphl dimer-
izeswith 660 nmlight and returns toits monomeric formwith 740 nm
light; it has also been coupled to PEG vinyl sulfone hydrogels'"'. The
Cphl-R472A mutant further widens the dynamic range of gel mechan-
ics as compared with the original Cph1-Y263F version'*. One major
drawback to the original Cphlsystem was that the gelation conditions
required extended times at cold temperatures in an oxygen-free envi-
ronment, although this may be addressed with further iterations of
this system. Finally, Dronpal45N — a monomeric fluorescent protein
isolated from coral that tetramerizes under 400 nmlight and disassem-
blesunder 500 nmlight — hasbeen similarly included in recombinant
hydrogel systems to control gelation and degradation'**,

Light-based fabrication and modification

To fully harness the growing library of powerful photochemistries to
make and modify materials, complementary technological advances
have been madein how lightis selectively delivered to samples. Recent
efforts have sought to printlarge 3D structures rapidly at high resolu-
tion and geometric complexity. As several recent reviews have dis-
cussed bioprinting as a whole'*'*, here we focus on only the most
exciting and recently developed methods, including digital light
processing (DLP), volumetric printing, two-photon lithography and
grayscale fabrication (Fig. 1).

SLAandDLP

Single-photon laser stereolithography (SLA) and DLP both rely
onsingle-photon-activatable photochemistries to build structures from
user-inputted 3D models. In both methods, thin layers of the polymer
precursor aresequentially exposedtolight and polymerizedinalayer-by-
layer fashion stacked into a 3D structure. SLA utilizes laser rastering to
polymerize 2D shapes within each layer, whereas DLP illuminates the
complete 2D region of interest simultaneously, achieving minimum fea-
tures of ~10 pm (refs. 148,149). DLP traditionally utilizes arrays of digitally
controlled micrometre-scale mirrors that deflect anincoming light to
generate aprojected image, enabling substantially faster patterning™°.
DLPisnow being conducted using commercial light projector systems
(typically405 nm) in conjunction withvisible light-based photoinitiating
system, further decreasing costs relative to SLA™. Given its relatively
low cost, material flexibility and micrometre-scale resolution across
large areas (>1cm?), DLP isgenerally favoured for biomaterial printing.
However, the techniqueis unable to achieve cellular resolution and can
require long print times due to its layer-by-layer nature.

Because DLP proceeds through sequential layer polymerization,
photons unabsorbed in the intended build layer can cause undesired
curing and low resolutions in the z dimension; forced light attenua-
tion through inclusion of photoabsorbers within the resin mixture
has proven a simple and effective way to increase resolution*>. In a
similar vein, refractive index matching using contrast agents (such
aslodixanol) can minimize heterogeneous light scattering caused by
cellularized bioinks, improving resolution™>, Early DLP used acrylate
chemistries, but it has now switched to thiol-ene chemistry to generate

cellularized and vascularized constructs®™*.
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The heterogeneity of tissues is important to physiological function,
and, assuch, it hasbeenanareaofresearchinterestinbioprinting. Early
methods manually exchanged bioresin between layers™ %% although
more recent methods have attempted to automate this process via
microfluidics™*™ or by leveraging meniscus effects to pin bioink between
the formed construct and the build platform™®, DLP can also be readily
combined with other types of bioprinting, such as with direct ink writ-
ing, to enable multi-material printing of non-photoactive materials™’.
Finally, although they have not been applied in the context of living cells,
multiwavelength methods combining DLP with light sheet-based planar
activation of polymer precursors offer exciting routes towards rapidly
achieving very high-resolution prints (-25 pm)'%°,

Light-based bioprinting has fewer commercially available options
than extrusion bioprinting; however, SLA/DLP-based machines are
available including the TissueRay (Tissue Labs), the Smart Print UV
(Microlight 3D), the Bionova X (Cellink) and the Lumen X (Cellink).

Volumetric printing

A shortcoming of many light delivery methods is their layer-based
nature; this poses practical challenges, both in printing complex geom-
etries (forexample, overhangs) and with regard to the potential for long
fabrication times that scale linearly with print thickness (such as layer
numbers). As an alternative, volumetric printing uses tomography to
drive the photoreactionin3D.Byilluminating the prepolymer solution
fromseveral angles, either using multiple light sources or through sam-
plerotation, the cumulative buildup of light dosage triggers photopoly-
merization only in desired 3D locations'®*'*, Using this method, GeIMA
scaffolds canbe fabricated in less than1 min for millilitre-scale structures
with ~40 pm minimum feature size'**. Refractive index matching can
further improve resolution, enabling printing of organoid-containing
constructs'®. Volumetric printing has also been combined with extrusion
printing for the generation of multicellular constructs'*®. Additionally,
gelatin-norbornene-thiol crosslinker bioinks have been demonstrated
thatenable the spatial functionalization of structured volumetric prints
and secondary volumetric functionalization of gelatin/PEG prints with
thiolated dyes and vascular endothelial growth factor (VEGF)'’. For
example, a gelatin-norbornene/PEG-SH bioink was developed
for generating cellularized constructs and multi-material vascularized
structures'®®'®’, The patterning speeds of volumetric printing are sub-
stantially higher than those of other techniques, but the applicability
of volumetric printingis limited by the small radial dimensions (-1 cm)
and limited resolution of printed internal voids.

Although previously aniche technique, emerginginterestin volu-
metric printing has led to the commercial availability of Tomolite
(Readily3D) — using a405 nmlight source and arotating stage — which
hasbeen used in several publications to date'® ",

Multiphoton-based fabrication

Although SLA/DLP and volumetric printing both enable the creation
of tissue-scale structures, they fail to reach sub-cellular resolution
or recapitulate small vascular structures. As a powerful alternative,
multiphoton-mediated processes use two or more near-simultaneously
absorbed incident photons to achieve a two-stage photoactivation.
Through this mechanism, in conjunction with controlled raster scan-
ning of the laser focal point, activation can be achieved in discrete
volumes with sub-micrometre resolutionin 3D. Although the fabrica-
tion time scales directly with construct size and is generally slower than
alternative techniques, multiphoton-based processes have been used
extensively for both additive and subtractive manufacturing.

Fromanadditive perspective, controlled two-photon polymeriza-
tionis most commonly achieved viaradical-mediated polymerization
initiated using a multiphoton-sensitive photoinitiating system. For
biomaterials, this was first demonstrated in the photodecoration of
hydrogels using bioactive peptides to drive cellinvasion'®and to cre-
ate acellularized PEG-diacrylate scaffolds'". Although early attempts
were largely incompatible with live cells, likely due to the high photonic
fluxes required to initiate poorly absorbing photoinitiating system
and/or the potential generation of toxic radicals during the polymeri-
zation process”*"”?, development of more photoreactive chemistries
and next-generation photoinitiators have lessened these concerns™* ¢,
Animportantinnovation was the development of 4,4’-(1,2-ethenediyl)
bis[2-(3-sulfophenyl)diazenesulfonate, which enabled the two-photon
polymerization of cell-containing prepolymers"”®. Implementation with
a gelatin-norbornene/dithiothreitol bioink generated enzymatically
degradable constructs witha patterning speed of 1 ms™ (refs. 174,175).
Furthermore, two-photon polymerization has been used to generate
gel-within-gel matrices, useful for guiding cell outgrowth and organoid
morphology'”’, as well as to optically print biomaterials within living
animals”%"7°,

Multiphoton lithography has also been used for subtractive manu-
facturing — in which well-defined 3D voids are sculpted within bulk
materials through degradation-mediated processes — often achieving
geometries thatare difficult to reach with additive techniques (such as
overhangs and small-diameter channels)'®’. Whenimplemented using
high-powered lasersto drive focal point-localized cavitation, chemical
bonds can be non-specifically broken through direct photoablation.
Although ablation-based methods are compatible with most bioma-
terials (for example collagen and fibrin)'®'®, this approach neces-
sitates large laser dwell times, which limits fabrication scales/times,
and it cannot be performed in a cytocompatible manner to degrade
materials surrounding cells. Incorporation of photodegradable bonds
within the hydrogel’s polymeric backbone can speed up degradation
by many orders of magnitude, enabling more rapid and cytocompat-
ible subtraction-based fabrication. The now conventional oNB-based
linkers have dominated this space®®?, with improved photodegra-
dation kinetics achieved using photosensitizers'” or inorganic-based
photodegradable linkers'””. Multiphoton-based degradation has been
applied to create complex vasculature’, guide organoid formation
and tissue geometry'®*, and customize the biochemical landscape
of hydrogels'®. Because photoablation does not require the integra-
tion of specific photolabile groups, it has proven easier toimplement
and more widely utilized, despite photodegradation-based methods
offering greater material customization. Trading speed for precision,
multiphoton lithography uniquely accesses sub-cellular patterning
resolutions but suffers from extended fabrication times.

Multiphoton patterning systems are commercially available;
however, they generally cost more than other commercial bioprint-
ers due to the need for high-powered lasers. The Quantum X bio
(NanoScribe/Cellink) promises resolutions up to 100 nm with a suite
of available bioresins using a fixed-wavelength light source. There
are also commercially available multiphoton microscopes, including
the Bergamo Il (Thorlabs) and the Stellaris 8 Dive (Leica); however,
they require substantial modifications to be adapted for multiphoton
lithography.

Grayscalelithography
Most of the presented methods generate constructs with homoge-
neous physicochemical properties, yet biological tissues present

Nature Reviews Bioengineering


http://www.nature.com/NatRevBioeng

Review article

variable mechanical and biochemical properties that photolitho-
graphic processes can potentially recreate. DLP and multi-material
printing have been used to generate mechanical and biochemical
gradients through the exchange of different bioinks; however, such
methods afford only stepwise material variations and with resolutions
limited by the layer height. Similar methods have been demonstrated
with volumetric printing, but again, the property changes are limited
by the composition of the different bioinks'®®. Taking advantage of
the light dose-dependence of many photochemistries, in conjunc-
tion with variably powered multiphoton lithography, our group
recently introduced ‘grayscale image z-stack-guided multiphoton
optical-lithography’ (GIZMO)'°°. GIZMO uniquely affords grayscale
biochemical/biophysical customization of biomaterials in full 3D space
and atsubcellular resolutions and across mm?scales. By continuously
varying laser lightintensity throughout raster scanning based on input-
ted grayscale image stacks, GIZMO achieves arbitrarily graded and
complex material modulation without increased patterning times. We
believe thatimage-guided photopatterning methods such as GIZMO
will push the limits of light-based fabrication and 4D customization
of precisely engineered hydrogel biomaterials. The GIZMO technique
has been made open-source and is directly compatible with many
commercial two-photon microscopes.

Post-synthetic hydrogel tuning

The ECM, in addition to acting as a physical scaffolding for cells,
imparts many biological, biochemical and topographical cues that
regulate cell behaviour'®. Although 2D culture models have been
instrumental in better understanding cellular function and dysregula-
tion, they are unable to accurately capture the 3D nature of the human
body. As questions increase in complexity, so should the models,
whichmust be able to capture the dynamic nature of such processes.
Relatively simple chemistries in conjunction with photolithographic
patterning have proven extremely powerful in answering complex
questions. Here, we describe recentinnovationsin using light-sensitive
chemistries for 4D tuning of hydrogel properties (for example, stiffen-
ing, softening and reversible mechanics) (Fig. 2), with afocus on the
types of biological questions that have been probed and what, for
now, remains a goal.

Optical tuning of hydrogel mechanics

As cells experience tensile, compressive and shear forces, these
mechanical signals are transduced into biochemical signals via
integrin-mediated signalling pathways in a process known as mecha-
notransduction. The main cellular components involved in sensing
and regulating ECM mechanics include integrins, cytoskeletal and
signalling proteins associated with focal adhesions, the actomyosin
cytoskeleton, and the signalling components that regulate assembly
ofthese structures. Examples of these signalling componentsinclude
focaladhesion kinase (FAK), Rho GTPases and their downstream effec-
tors, Rho-associated protein kinase (ROCK), and myosin light chain
kinases, as well as other transcriptional effectors such as yes-associated
protein (YAP) and the transcriptional coactivator with PDZ-binding
motif (TAZ)'®". As these signalling pathways are critical in many physio-
logical processes ranging from cellular growth, proliferation and motil-
ity, photoresponsive hydrogel models have become indispensable for
better understanding the dynamic role of ECM mechanics.

Informing disease models. Many of the aforementioned pathways are
alsodysregulated in diseases (for example in cancer, fibrosis, diabetes

and cardiovascular disease), resulting in matrix stiffening caused by
increased ECM deposition, crosslinking and fibre alignment'®®, How-
ever, use of supraphysiologically stiff, conventional tissue culture poly-
styrene may obscure the role of ECM rigidity; therefore, 3D hydrogel
systems are popularly utilized to mimic more in vivo-like conditions.

Hydrogels based on anthracene and DBCO photodimerization, as
well as thiol-ene secondary photopolymerization, have been used to
increase Young’s modulion demand to study myoblast, valvularinter-
stitial cell (VIC) and muscle stem cell activation*®*>**!5%1°° Increasing
the Young’s modulus from 10 to 50 kPa increased fibroblast area and
enhanced nuclear localization of nuclear factor of activated T cells
(NFAT) as compared with the static controls. Although it had been
speculated that calcineurin—-NFAT signalling was mechanosensitive
andinvolvedin fibroblast activation, this platform enabled the track-
ing of this translocation event on physiological timescales, which was
previously impossible in other models*’. Similarly, the role of BAG3 as
amechanotransducer was identified inmyoblasts and achaperone of
the YAP-TAZ complex, further informing how YAP-TAZ is controlled*.
Other topics, including the mechanotransduction basis of human mes-
enchymal stem cell (MSC) lineage commitment, and pancreatic cancer
cell spheroid formation and metabolic activity, have been explored
with photostiffening platforms®”,

Photosoftening hydrogels can also be used to survey cellular
mechanomemory — the ability of cells to remember past mechanical
cues long after their removal. Allyl sulfide and oNB-based gel systems
that enable various dosages of a stiff environment have been used to
investigate YAP-TAZ activation and specific epigenetic modulators of
chromatin condensation in human MSCs and myofibroblasts™*'*>'%,
These translocation events and epigenetic modifications could be
reversed when cells were briefly exposed to a stiff environment but not
when culture was carried out for longer periods of time'®,

Although photostiffening and softening techniques have inde-
pendently shed light on mechanotransduction phenomena, models
that can both stiffen and soften are valuable for studying disease
development and resolution, as well as cyclical loading processes.
For example, photoswitchable azobenzene-modified polyacrylamide
gels have been used to study human MSC spreading®* and to examine
the gene expression levels of the cell surface marker E-cadherin in
MCF-7 breast cancer cells, the downregulation of which has been cor-
related with metastasis'”. Photoresponsive protein-based hydrogels
have also been leveraged to study 3D myofibroblast activation, with
cycled gels exhibitingincreased transcriptional levels of periostin and
aSMA™’, as well as human MSC transcriptome changes in response to
cycling of mechanics'. Yet, this area remains ripe for investigation;
despite cyclical changes in bulk elastic moduli being uncommon in
the body, non-invasive methods and materials that capture cyclical
mechanical loading experienced by cells in soft tissues (such as in
cartilage, heart, lung, gastrointestinal tract and blood vessels) will be
powerful in studying the mechanotransduction events occurring in
these environments.

The contributions of ECM mechanics to promoting fibrosis,
atherogenesis and cancer malignancy are becoming widely appreci-
ated; however, many questions remain unanswered. Current systems
explore the consequences of mechanical changes and kinetics of mech-
anotransduction pathways. Still, data indicate that matrix stiffening
precedes many of these pathological changes'®; questions remain
concerning the biochemical basis of this initial stiffening. Co-culture
models in tandem with dynamic hydrogel platforms are necessary to
examine the paracrine crosstalk leading up to these events.
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Fig.2|Mechanical properties of hydrogels for influencing cell fate and
morphology canbe controlled by light. Hydrogels can photostiffen around
cellsinresponse to light by initially including unreacted functional groups,
suchasacrylates, alkenes or dimerizing moieties such as anthracene, and they
canbe used to study mechanotransduction pathways, such as nuclear factor of
activated T cells (NFAT) localization. Additionally, hydrogels crosslinked with
photolabile moieties, such as ruthenium or ortho-nitrobenzyl (o0NB), can be used
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to selectively degrade voids to direct organoid growth. Finally, materials based
onreversible bond exchange chemistries, such as the addition-fragmentation
chaintransfer (AFCT) of allyl sulfides and phytochrome-based protein pairs have
been successfully demonstrated to transiently change stiffness in response to
light exposure. Upper left panel reprinted with permission fromref. 40, Wiley.
Upper right panel reprinted with permission from ref. 184, AAAS. Bottom right
panel reprinted with permission from ref. 141, Wiley.
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Directing organoid growth. Another avenue in which photosensi-
tive chemistries have seenariseininterest hasbeeninthe engineered
organoid space. Approaches for patterning geometric confinement as
well as the pliability of the surrounding matrix have benefited greatly
from thiol-ene, nitrobenzyl and allyl sulfide-based chemistries”"°.
Including oNB moietiesinto aPEG hydrogel enabled channel photodeg-
radation around the embedded intestinal organoid, which permitted
epithelial symmetry breaking and control over bud formation'®*. The
degree of crypt formation as a function of matrix degradation was
quantified in an allyl-sulfide system and demonstrated that around
15% degradation of the initial network yielded the ideal mechanical
conditions for crypt formation'. Modulating the surrounding viscoe-
lasticity further influences cell shape, notably without changing the
hydrogel stiffness’””®. For example, photomodulated viscoelasticity
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chemical or genetically encoded crosslinkers) or in situ-activated. b, Jagged1
(and other proteins) can be photocaged through a bulky, ortho-nitrobenzyl
(oNB) tethered moiety, which can be removed by irradiation with 365 nm light,
yielding the active protein. ¢, Light-activated SpyLigation (LASL) enables
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around intestinal organoids yielded epithelial curvature followed
by a tension-induced membrane potential gradient and YAP nuclear
translocation*. Dynamic materials will continue to play a major role
inthe further development of these advanced platforms.

Optical tuning of hydrogel biochemical cues

The immobilization or release of biochemical cues (such as bioactive
small molecules, peptides and proteins) has been a large focus in the
fields of tissue engineering and regenerative medicine, and, accord-
ingly, many photoresponsive platforms have been developed with
this goalin mind (Fig. 3). Although light has been used extensively for
triggered therapeutic release from biomaterials'®®, here we focus on
photochemical strategies used to control biomolecule presentation
within 3D hydrogel models.
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SpyTag. d, Photocleavable protein (PhoCl) enables the irreversible release of
agenetically encoded photoreleasable protein of interest (POI). e, POls can be
reversibly tethered to a hydrogel backbone through the LOV2 trap and release
of protein (LOVTRAP) system. Zdk, small, engineered Zdark protein. Adapted
fromref. 68, Springer Nature Limited.
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Spatiotemporal control over peptide presentation for directed cell
adhesion and migration. Patterning peptide motifs suchasRGD — the
canonical cell-adhesion peptide motif derived from fibronectin — or
IKVAV — derived fromlaminin — has proven to be one of the most acces-
sible ways to control cell function and organization. Initial studies
focused onuncagingreactive groups onthe hydrogelitself, liberating
anchoring points to selectively immobilize biomolecules?*", Alter-
natively, direct photopolymerization of modified peptidesinside a gel
provides a straightforward way to spatially modify the biochemical
properties; here, only functionalizing the peptide with reactive handles
(which in many cases is as simple as including a cysteine residue dur-
ing peptide synthesis) is required for reaction with hydrogel-forming
chemistries suchasacrylates or norbornenes. Additionally, RGD modi-
fied with an oNB or the genetic photocleavable tether PhoCl enables
subtractive patterning"®. However, because these methods rely on the
diffusion of peptides in/out of the gel during patterning, modification
times are heavily dictated by biomaterial geometry.

Sidestepping limitations intrinsic to diffusion-based strategies,
morerecent efforts have focused on the direct photoactivation of pep-
tides.Ingeneral, abulky photocageisincluded onacriticalaminoacid,
thus blocking the peptide’s function; upon light exposure, the native
peptide is generated, near-instantaneously ‘activating’ the peptide.
In this way, cyclic RGD has been transdermally uncaged, promot-
ing vascularization of the hydrogel in a mouse model*°%. Similarly,
two-photon uncaging of cyclic RGD in the presence of soluble VEGF
led to directed human umbilical vein endothelial cell migration and
sproutinginthe exposed areas; non-illuminated areas exhibited round
phenotypes, despite the presence of VEGF, highlighting the synergy
between adhesion and angiogenic pathways?®*. Alternatively, this
strategy can be applied for the in vitro photouncaging of a VEGF pep-
tidomimetic (QK) with similar results®**. Given the broad availability of
solid-phase peptide synthesis and the orthogonality of typical photo-
protecting groups (for example, oNB and 4,5-dimethoxy-2-nitrobenzyl)
to amino acid coupling reactions, this strategy is well-suited for the
precise manipulation of cellular environments with more advanced
image-guided photopatterning techniques (such as GIZMO).

Reversible patterning of peptides such as RGD has been pro-
posed via allyl sulfide, supramolecular and azobenzene, and LOV2-ja
chemistries; this approach has enabled the in-depth study of focal
adhesion assembly/disassembly and the proposal of trypsin-free
passaging platforms'?**°2%7_Intriguingly, in one study, anionic
polymers were functionalized with azobenzene moieties and RGD
motifs; NIR-upconverted UV light caused swelling of the microgels
and increased RGD bioavailability, facilitating the adhesion and
pro-regenerative polarization of macrophages, whereas irradiation
with visible light caused deswelling of the microgels and burying of the
RGD motifs, resulting in a pro-inflammatory phenotype®®. Although
prior studies involving reversible peptide presentation have largely
beenimplementedin2D culture, functional studies in this regard may
yield important findings regarding focal adhesion formationin 3D.

4D-controlled protein presentation to guide cell function and
morphogenesis. Although the same chemistries used to pattern
peptides in gels can be implemented for protein immobilization, the
installation of photoreactive handles necessitates careful thought.
Protein functionalization has been conventionally achieved via
stochastic chemistries such as those based on N-hydroxysuccinimide
or maleimides, but such labelling strategies often dramatically impair
protein activity and yield a heterogeneously modified population®”’.

As such, site-specific modification strategies are critical for preserv-
ing protein functionality and native structure throughout biomaterial
decoration. Terminal functionalization can be accomplished by many
protein semi-synthesis techniques; in this regard, the bacterial trans-
peptidase sortase, whichrecognizes and cleaves the sorting sequence
LPXTG and installs custom polyglycine tags, hasemerged asa popular
tool’®?°, Additionally, N-terminally biotinylated proteins, as well as
streptavidin bioconjugates, can be readily prepared or purchased,
enabling more generalizable immobilization strategies.

The simplest strategies to biochemically decorate gels with pro-
teins againinvolve additive patterning: proteins can be modified with
aclickhandle such as DBCO or their binding partners can be modified
with photosensitive moieties such as acrylates. For example, FGF2
and TGFP1 were modified with azide and tetrazine moieties, respec-
tively, that could react with spatially photopatterned binding part-
ners to control VIC activation in a single hydrogel network. VICs in
the FGF2 regions were quiescent, whereas those in the TGFf31 regions
became activated myofibroblasts?. Patterning BMP2 in a similar
manner in conjunction with TGFB1 produced patterned VIC nodule
formation, offering insights into synergistic pathways in aortic valve
calcification®. Inanother method, methacrylated heparin was spatially
immobilizedinanacrylate-modified alginate gel, enabling patterning
of heparin-binding proteins such as VEGF and BMP2in ageneralizable
manner for controlled human MSC differentiation®”.

Reactive sites canalso be uncaged on the hydrogel substrate. For
example, using 6-bromo-7-hydroxycoumarin-caged agarose enabled
spatial immobilization of maleimide-streptavidin and maleimide-
barnase in distinct volumes; subsequent reactions with biotinylated
ciliary neurotrophic factor and barstar-sonic hedgehog enabled direct-
ing of neural precursor cell migration and organization”. Similarly,
highly epidermal growth factor receptor (EGFR)-expressing MDA-
MB-468 breast cancer cells invaded deeper into a hyaluronic acid gel
photochemically modified with EGF gradients as compared with an
unmodified gel*”. Using two-photon lithography in conjunction with
a 7-dicarboxymethylaminocoumarin (DCMAC)-caged polyglycine
substrate enabled the photopatterned sortase-mediated immobiliza-
tion of an LPXTG-modified avidin complex; the avidin could be further
decorated with biotinylated proteins, a strategy that was used to pat-
tern nerve growth factor for controlled axon guidance™°. Addition-
ally, photocaged cyclopentadienes have been used for immobilizing
EGF onto natural matrices for studying extracellular-signal-regulated
kinase (ERK) activity”®. Photomediated oxime ligation has also been
utilized for uncaging reactive groups on both synthetic and natural
hydrogels®**>*%'*, For example, this chemistry was first used within
natural protein-based gels (such as fibrinand collagen ) by patterning
Delta-1protein to spatially control Notch signalling (a critical pathway
in embryonic development, regulation of tissue homeostasis and
adult stem cellmaintenance) inembedded U20S osteosarcoma cells®*.
Pairing this chemistry with oNB-modified tethers enables a single
cycle of protein immobilization and release®*®, This chemistry can
also be used in conjunction with multiphoton lithography to control
EGF-EGFRligand-receptor endocytosis with sub-cellular resolution®,
However, each of these methods rely on the diffusion of active protein
throughout the gel during the patterning process; like with patterned
immobilization of peptides, embedded cells are flood-exposed to
soluble and potentially bioactive cues during diffusion that may lead
to spatially uncontrolled cell activation.

Rather than simply immobilizing/releasing biomolecules within
biomaterials, several exciting strategies have beenintroduced to directly
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LAP, lithium phenyl-2,4,6-trimethylbenzoylphosphinate; LOVTRAP, LOV2
trap and release of protein; NFAT, nuclear factor of activated T-cells; oNB,
ortho-nitrobenzyl.

photoactivate functional proteinsingels. For example, photocaged Spy-
Catcher and SpyTag canbe genetically fused onto non-associative split
protein pairs; uponlight exposure, light-activated SpyLigation permit-
tedirreversible reconstitution and functional assembly of split proteins
in biomaterials, in solution and in cellulo®®. In addition to patterning
activation of fluorescent and luminescent proteins via mask-based and
multiphoton-based lithography, we demonstrated patterned genome
editing of primary fibroblasts via irreversible photoassembly of a split
Crerecombinase. Althoughthis strategy is generalizable, it still relieson
the diffusion of anon-reactive half. Conversely, uncaging proteinsinsitu
approaches near-instantaneous protein activation. Forexample, caging
Jagged1 (aNotchsignallingligand) with abulky, biotin-streptavidin-oNB
conjugate sterically inhibited cell-receptor interactions. In this way,
cholangiocyte differentiation of hepatoblasts could be controlled in
hyaluronicacid gels®. A similar cage was used for caging tethered EGF*°.
Although this strategy can be readily applied for the traceless photo-
activation of many proteins, its lack of genetic encodability precludes
its usage in many cellular contexts. ‘Living materials’ have also been
reported that co-encapsulate living mammalian cells with engineered
bacteria capable of optogenetically producing and secreting bioactive
proteins ondemand?”. In this manner, gel-seeded fibroblasts were able
to uptake bacteria-secreted fluorescent proteins upon light exposure.

Outlook
As the engineering goals become more advanced, the tools must also
match pace — indeed, since the early 2010s, there hasbeen an explosion
of novel chemistries and manufacturing techniques that have afforded
unprecedented control over the cellular microenvironment (Fig. 4).
Further development and deeper analysis of photochemistries, as well
astechniquesto patterntheiractivation, are required to enable faster,
higher resolution and more complex tissue construction.

Building on the recent successes of BODIPY, DHTz and
ruthenium-based systems®”%”, chemical reactions that respond

directly to visible and/or NIR light remain of prime interest. These
systems promise a rapid response to low-energy and tissue-penetrating
wavelengths of light, which is a feature that makes them exciting both
fromthe perspective of intravital printing and rapid material customi-
zation. Moreover, the ability to photocontrol processes across a wide
range of optical spectra opens doors for multiplexed and independ-
ent control over distinct physicochemical properties within a given
material. In addition to new reaction development, photosensitizers
and/or upconverting nanoparticles are likely to find use in effectively
red-shifting tried-and-true reaction schemes'?’?'$2'%,

Notably, a considerable mismatch has been reported between
UV-Visspectra and photochemical reactivity, inwhich activities were
substantially red-shifted relative to that expected based on the relevant
absorption spectra®*®*?, Given this pressing discrepancy, using tune-
able laser systems to systematically construct photochemical action
plots to evaluate new and tried-and-true photochemical activities
should become the new standard in the field. This method was used
to multiplex the degradation of three distinct crosslinkers within a
narrow wavelength range (A = 325-420 nm) by balancing kinetics and
reactivity?”?. Although most of this work has looked at single-photon
reactions, a deep scrutiny of two-photon-related action plots is also
critical towards progression in multiphoton lithography.

Using orthogonal wavelengths to increase precision and mul-
tiplex modification is a largely underexplored design space. Multi-
plexed hydrogel degradation and stiffening has been demonstrated;
however, few reports show coupled biochemical and mechanical
modulation'®”??2, One way to integrate technological and chemical
advances is xolography, which leverages the geometrically orthogo-
nal delivery of two distinct wavelengths alongside specialized pho-
toinitators toimprove resolution compared with traditional DLP***¢’,
Although notyet applied to biologically relevant materials, xolography
potentially offers better resolution than DLP, with faster speeds than
multi-photon lithography.
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Technical developments in lithographic light delivery (such as
GIZMO) now enable the finely tuned grayscale control of topographical,
mechanical and biochemical propertiesin3D and across diverse scales.
Similarly exciting, volumetric printing enables structured materials to
be created and/or modified almost instantaneously. Engineered wave-
guides now permit light stimulation at previously inaccessible tissue
depths. Again, in the ongoing quest to speed up and expand the scale
ofthese processes, more sensitive chemical moieties, photoinitiators
and photosensitizers that permit rapid polymerization/degradation
with high precision will be required.

Although biological systems are four-dimensionally complex
in both their biochemical and biophysical nature, exceptionally few
strategies to date have investigated their synergic/antagonistic effects.
Fromour perspective, the future of this field lies in designing platforms
that examine theinterplay of biochemical and mechanical heterogene-
ity in a high-throughput manner?”*2%, Furthermore, we believe that
next-generation models need to take advantage of these photochem-
istries to impart such physicochemical heterogeneity both in space
and time. For instance, solid tumours are known to exhibit dramatic
stiffening as the disease progresses'®®. Co-culture models with cancer
cellsatthe core and other cells associated with the microenvironment,
suchasfibroblasts surrounding the ‘tumour’, could undergo dramatic
changesin mechanics over the culture period to provide insightsinto
paracrine crosstalk in these dynamic environments. Similarly, other
fibrotic diseases would benefit from spatiotemporally controlled
3D models™.

Although further development of light-based patterning tech-
niques and chemistries will continue to advance our capacity for
complex patterning, existing technologies, such as grayscale and
multi-material printing, can already recreate a substantial portion
of biological complexity at the micrometre scale to modulate cell
function. Therefore, applying existing technologies and chemistries
through collaborations with biologists and clinicians is an important
next step for the translation of this field. We urge that increasing the
impact of existing technologies and novel future directions will only
emerge if all stakeholders are included via collaborations and indus-
trial partnerships. Overall, the toolkit of light-based chemistries and
patterning technologiesis robust and primed for increasing adoption
and application.

Published online: 26 September 2024
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