nature reviews methods primers https://doi.org/10.1038/s43586-023-00231-0

Primer

M Check for updates

Light-based vat-polymerization

bioprinting

Riccardo Levato*?' <, Oksana Dudaryeva?, Carlos Ezio Garciamendez-Mijares?®, Bruce E. Kirkpatrick ® *°5,
Riccardo Rizzo’?®, Jacob Schimelman', Kristi S. Anseth*®, Shaochen Chen'®, Marcy Zenobi-Wong’

& Yu Shrike Zhang ®?

Abstract

Sections

Light-based vat-polymerization bioprinting enables computer-aided
patterning of 3D cell-laden structures in a point-by-point, layer-by-layer
or volumetric manner, using vat (vats) filled with photoactivatable
bioresin (bioresins). This collection of technologies — divided by their
modes of operationinto stereolithography, digital light processing

and volumetric additive manufacturing — has been extensively
developed over the past few decades, leading to broad applications
inbiomedicine. In this Primer, weillustrate the methodology of light-
based vat-polymerization 3D bioprinting from the perspectives of
hardware, software and bioresin selections. We follow with discussions
on methodological variations of these technologies, including their
latest advancements, as well as elaborating on key assessments utilized
towards ensuring qualities of the bioprinting procedures and products.
We conclude by providing insights into future directions of light-based
vat-polymerization methods.
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Introduction

Three-dimensional bioprinting utilizes computer-aided processes to
spatially pattern cells and/or auxiliary biomaterials to enable creation
of functional bioengineered structures for various applications in
biomedicine' . Light-based vat polymerization was the first 3D print-
ingmethod developed backin1986 in the form of stereolithography’.
Nevertheless, its biomedical utility®® and, in particular, expansioninto
bioprinting — with cell loading into photopolymerizable hydrogels
during the printing procedure — was not demonstrated until almost
two decades later™.

Over the years, light-based vat-polymerization bioprinting has
witnessed notable advancements across all aspects, through hard-
ware optimizations to biomaterial designs and downstream applica-
tions. According to modes of operation, this collection of technologies
can be divided into those that pattern the bioresin point-by-point,
layer-by-layer or directly volumetric; the specific modalities include
lithographic techniques, such as stereolithography in its original
implementation, utilizing single-photon lasers (SLA)"", multiphoton
polymerization lithography (oftentimes adopting the two-photon
mechanism, or TPL)"*", digital light processing (DLP)""> and volu-
metric bioprinting, also termed volumetric additive manufacturing
(VAM)"'¢, Despite these variations, acommon feature of light-based
vat-polymerization bioprinting methods is that they all rely on pat-
terned light-dose distributions toinitiate localized chemical reactions
of photoactivatable bioresins. As the bioresins react in response to
light, this results in the formation of desired structures in 2D and in
3D volumes. Although in most scenarios such chemical reactions are
in the additive manner (for example, photocrosslinking), they can
also be made subtractive such as with photodegradation”. Different
modalities for shaping light in enabling layer-by-layer or volumetric
development of these photoreactions exist, each spanning a defined
range of resolution, speed of fabrication, required bioresin properties
and therefore target applications.

This Primer intends to provide athorough understanding of light-
based vat-polymerization bioprinting, which forms acomplementary
toolset to another class of commonly used bioprinting methods relying
on extrusion'®, We present key considerations when selecting a light-
based vat-polymerization bioprinting modality, relating to its hard-
ware, software and bioresin designs. We further describe assessments
that are essential to ensure robust bioprinting procedures, reporting
requirements to maximize reproducibility, as well as limitations of
current technologies and improvements that can be made to mitigate

Table 1| Key performance indicators for vat-polymerization
bioprinting techniques

Bioprinting Minimum Bioresin Modulus Time to build
technique featuresize viscosity range 1-cm®constructs
Extrusion ~100 um?*’ 0.005- 1- Minutes-hours

100Pas™® 200kPa?92%°
TPL 2-8um™*®  >10Pas 0.1-140 Hours

kPa14O,Z31

SLA 5-10um*****  0.25-10Pas® 2-20kPa'*****  Minutes-hours
DLP 10-50um*®™  0.25-10Pas®* 1-180kPa"®"  Minutes
VAM ~40pum?** >10Pas®’ 0.4-25kPa***°  Seconds

The data refer to prints with cells but not acellular constructs. DLP, digital light processing;
SLA, single-photon laser lithography; TPL, two-photon lithography; VAM, volumetric additive
manufacturing.

these limitations. We finally conclude with future perspectives that
involve discussions relating to integration of machine learning and
translations.

Experimentation

Light-based vat-polymerization bioprinting, compared with extru-
sion bioprinting'®, generally provides improved controllability over
structural complexity of the tissue constructs that can be produced
atafaster fabricationrate and higher resolutions, although the speci-
fications may depend on the specific modality adopted (Table 1). The
use of patterned light requires precise calibration of light paths and
associated bioprinting parameters to enable proper biofabrication of
desired volumetric patterns. Such adjustments of light and operational
parameters are all very specific to the vat-polymerization modality
used, whether itis TPL (used throughout the Primer given its much
broader usage than multiphoton polymerization lithography), SLA,
DLP or VAM. It should be clarified that bioprinting by definitionis a
specificsubset of 3D printing, inwhich 3D printing occursin the pres-
ence of living cells*”. The same distinction applies when referring to
bioink and bioresin versus (biomaterial) ink and resin®’. For the sake
of consistency, we generally use the terminologies bioresin and bio-
printing, although in certain specific descriptions resin and printing
may also be used to indicate that cell-laden biofabrication has not yet
been demonstrated.

Bioprinter selection and setup

Vat-polymerization bioprinters can be generally classified by their
modes of operations, depending on whether the light for photo-
crosslinking is projected in a single spot or as a plane and whether
the patterning is performed linearly or rotationally. Point-by-point
bioprinting relies on laser scanning given the single-spot nature of
most laser systems. TPL is a typical bioprinter that utilizes the point-
by-point scanning scheme, which builds volumetric structures by
raster-scanning the two-photon laser spot across an area and repeat-
inginthevertical direction for each layer to be produced* * (Fig. 1a).
A similar operation mode is adopted by the conventional SLA with
SLA irradiation”**? (Fig. 1b). The raster-scanning approach provides
efficient photoreactions owing to the larger power densities enabled
by thelaser lights; however, theinherent larger power densities result
in alower possible cell viability, and raster-scanning is usually a slow
process especially when large build volumes are necessary. On the
contrary, instead of raster-scanning, asingle plane of light can be pro-
jected atonce to enable simultaneous photocrosslinking of the desired
pattern in that layer, followed by layer-by-layer construction leading
tothe3D-bioprinted structure. Arepresentative modality of layer-by-
layer projection-based bioprinting is DLP bioprinting™'>?® (Fig. 1c).
These DLP bioprinters use light-emitting diode arrays that directly
emit patterned light” vialiquid-crystal display screens that form digi-
tal masks in front of the light source to achieve patterned light*® or
digital micromirror array devices (DMDs) that reflect incident light
tobuild patterns®->'.

Spatial light modulators such as DMDs are also core technologies
in VAM. In this class of approaches, multiple planar light patterns are
produced starting from either a laser light or a non-coherent light
source and are subsequently projected across the entire volume of
the vat**’, The combination of these projections generates an aniso-
tropic light-dose distribution within the vat, so that the cumulative light
dose exceeds the polymerization threshold of the bioresin only in cor-
respondenceto the geometry of the object to be bioprinted. Currently,
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Fig. 1| Typical light-based vat-polymerization techniques. a, Two-photon
lithography that raster-scans two-photon lasers to polymerize or deconstruct
abioresin for 3D bioprinting. b, Single-photon stereolithography that raster-
scans a single-photon laser for 3D bioprinting. ¢, Digital light processing

that projects aseries of light patterns to achieve layer-by-layer 3D bioprinting.
The system shown is the bottom-up configuration. d, Tomographic bioprinting
that projects a series of intensity-modulated light patterns to achieve rotational
3D bioprinting.

VAMis performed utilizing either asingle light source projected onto
arotating vat (tomographic bioprinting)*** (Fig.1d) or multiple light
sources delivered onto astatic vat (holographic printing)"” or systems
in which a movable light sheet intersects orthogonally with DLP pro-
jections to trigger vat polymerization owing to uniquely designed
photoinitiators (light-sheet 3D printing, also known as xolography).

Key considerations regarding the bioprinting modality to select
include but are not limited to the resolution, the build volume, the
speed and the cost. Laser-enabled vat-polymerization modalities
suchas TPL, SLA and VAM that contain high-quality laser systems are
generally expensive in particular when multiphoton setups are needed,
although resolutions are typically higher than when non-coherent
light sources are used (from tens of nanometres for TPL to tens of
micrometres for VAM). In comparison, DLP, as well as some VAM and
SLA systems that use either non-laser light or low-power lasers, ismore
cost-efficient, despite the reduced resolutions (50-100-pum range).
Moreover, as the VAM process addresses the whole volume at once,
manufacturing can occur atmuch high rates (<20 s to generate cubic-
centimetre-sized constructs) than most other vat-polymerization
strategies™.

Software considerations

Software considerations for vat-polymerization bioprinting methods
consist of three key components: voxels, which encode the desired
input data to be bioprinted; a slicing algorithm, which converts the
encoded data to a technique-specific output and synchronization,
which brings together the projection system, motor and peripher-
als. Vat polymerization, in its simplest form, is the irradiation of light
onto a photocurable bioresin; the light takes shape of either a speci-
fied point emitted from a laser (in the case of TPL and SLA), or acom-
plete plane of image emitted from a projection device (in the case of
DLP and VAM)®***, Therefore, the main objectives are to produce,
display and monitor these points or images in such a way that accu-
rately reproduces the desired model. For the purpose of this section,
software considerations are summarized without taking into account
the influences exerted by the bioresin selection, bioresin kinemat-
ics and other bioresin-dependent factors. In addition, for computer-
aided design software, the reader is referred to the Primer on extrusion
bioprinting’®.

Voxels. Voxels, also referred to as 3D pixels, and their applicability to
3D printing have been exploredin great lengths owing to their potential
to represent 3D volumes, standard tessellation language (STL) files,
curves and equations and point clouds'®***, Voxelization converts
input data, commonly STL files, to a conjunction of 3D pixels: a key
conceptthat allows to factorin the limitations presented by the hard-
ware into the software. As an example, if the light source is coming
from a DMD with a resolution 0f 1,920 x 1,080 pixels, then the voxel
map typically cannot have more than 1,920 and 1,080 voxels in the
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X-directionand Y-direction, respectively, unless specialized hardware is
used to allow the movement of the DMD-generated photomaskinthe XY
plane*°, The same principle applies to other light sources (as is the case
for TPL,SLA and VAM), in which theresolution of the lightistaken as the
dimension of the voxel. Voxels can be assigned complex geometries,
suchasspheres, but for the purpose of vat-polymerization bioprinting,
itisassumed thatanindividual voxelis usually given acubic structure
with a unitary value®. Several open-source software alternatives are
available for voxelizationin different programming languages, as listed
inSupplementary Table 1.

Slicing algorithms. Once the 3D pixel map has been generated, as
in when the input data have been voxelized, the next step is to trans-
form the set of voxels into a technique-specific output by applying a
technique-specific slicing algorithm (Supplementary Fig.1). Thisis the
crucial step that differentiates (from a software perspective) vat-polym-
erization techniques. As an example, TPL, SLA and DLP use a slicing
algorithm wherein adefined number of voxel layers are grouped along
the Z-axis and assigned aweight distribution to produce oneimage as
an output®. The number of voxel layers that are grouped together is
equivalent to the total number of bioprinted layers. New approaches
have been developed to allow free-form bioprinting, in which the
slice direction is not necessarily parallel to the Z-axis, but rather with
variable normal vectors*. Although other slicing approaches exist for
DLP-based techniques*, voxelization-to-slicing is a commonly used
approach and several open-source software alternatives are available
and analysed in Supplementary Table 1.

In the case of VAM, the slicing algorithm changes according to
the specific volumetric fabrication approach selected. In the most
common declination of this technology, tomographic bioprinting,
the slicing is based on the Radon transform and Ram-Lak filter in the
Fourier domain to the voxel map to obtain a set of images, which will
then be filtered-back projected onto the vat***’. New tomographic
bioprintingslicing approaches to improve resolution have been devel-
oped wherein the first step is to apply a correction mask (attenuation
correction, for example) and from there the same steps are followed*.
Itisworth mentioning that other technological solutions that belong
to the VAM family, such as holographic printing® and xolography®,
utilize DLP-like slicing algorithms whose synchronization also differs
fromtomography-based VAM techniques.

Synchronization. Once the desired outputis obtained, the nextstep is
toensure the synchronization of all the different components; the most
common being the control of a light source and a motor, dictated by
thetechnique used and the available hardware. For DLP and VAM, as 2D
images are projected, the only light source control needed is to specify
the duration of exposure and to provide trigger signals®. Available
software alternatives that facilitate the control of projected 2D images
are Psychtoolbox-3 and simPy for MATLAB and Python, respectively.
Other techniques such as SLA have an additional step for the control
ofthelight source; as an example, the tilt angle of amirror is precisely
controlled todirect the laser to specific points (OpenExposer). Trigger
signals are also needed to specify the duration of light exposure. The
light control for these techniques must be synchronized witha motor
control, to enable 3D biofabrication. In TPL, SLA and DLP, the motor
control is provided by a trigger signal and a specified distance and
direction (provided by the desired layer height and selection of bottom-
up or top-down approach)®. New approaches have been explored to
continuously runin parallel light and motor toimprove print speed***.

Other techniques such as tomographic bioprinting have a continu-
ous rotating motor wherein the synchronization is defined by the
speed at whichthe motor rotates and the refresh rate of the projected
images®*. As discussed previously, the synchronization that occurs
in xolography'®, though a subclass of VAM, is more closely related
(from a software perspective) to that of continuous liquid interface
production®® than other volumetric printing methods. Finally, other
peripherals can be added to the bioprinting system, suchas sensors and
monitoring systems'®, additional light sources (dual colour)* as well
asatemperature-controlled vat*s,

Bioresins

A broad range of synthetic monomer chemistries and functionalized
biomacromolecules have been used in vat-polymerization-based bio-
printing (Box 1). As with other strategies for 3D bioprinting, critical
functional requirements must be satisfied by prospective bioresins
regarding print stability, cytocompatibility and bioactivity'**’. How-
ever, emerging interests include incorporation of adaptable linkers
and/or responsive groups to endow sophisticated 3D structures with
more dynamicbehaviours (such as mechanical transitions relevant to
the native cellular microenvironment*’) without compromising desired
resolution and print speed.

General considerations on printable materials. Photopolymer-
ization-based bioprinting is amenable to a multitude of bioresins,
although complete access to very soft (<1 kPa) biomaterials has been
limited by print stability. Specific properties of bioresins depend on
the processing method. For example, SLA and DLP use low-viscosity
bioresins, whereas TPL and VAM in general require comparatively
more viscous formulations to limit blurring from diffusion of radicals
and molecular components or sedimentation of the as-printed part*'.
Additionally, bioresin selection has an enormous impact on the pre-
polymerization fluid properties, as common high-molecular-weight
natural polymers are much more viscous even at low weight per cent
(<5%) compared with the relatively low-molecular-weight synthetic
macromers typically used in vat polymerization. Upon polymeriza-
tion, user-specified material properties are highly dependent on
applications, tissues and context*” and can be further tailored with
light-based crosslinking to construct gradients or other spatial varia-
tions in parameters such as stiffness, porosity and the concentration
of network-tethered biomolecules™*. Moreover, some newer types of
bioresins are nanocomposites or microcomposites, incorporating par-
ticulate matter within an interstitial matrix****%, These systems have
integrated diverse materials, frominorganic or metallic (for example,
silica, graphene, nanohydroxyapatite, gold and strontium carbonate)
to polymeric (such as chitosan, cellulose, silk, B-lactoglobulin, micro-
gels and emulsion droplets) fillers® ‘. This growing class of composite
resins increases functionality for diverse applications in directing
cell differentiation, controlling release profiles or tuning mechanical
properties; however, many of these formulations have yet to be applied
in vat-photopolymerization bioprinting in particular with the pres-
ence of cells. Collectively, these techniques can be used to imbue
vat-polymerized biomaterials with nuanced patterning of structure,
mechanics, composition and stimuli-responsiveness.

Crosslinking chemistry and green strength. Cytocompatibility of the
network-forming reaction dictates the success of vat-polymerization-
based bioprinting applications. As aresult, vat bioresins are typically
formulated with poly(ethylene glycol) (PEG), gelatin or hyaluronicacid
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macromers (macromolecular monomers) modified with various reac-
tive groups. For more detailed discussion of specific formulations, we
referthereadertootherin-depthreviews regarding photocrosslinkable
bioresins'>?***752%5 |mportantly, the kinetics of the bioresin crosslink-
ingreactions must proceed at an adequate rate to prevent undesirable
sedimentation of cells (the latter being arelevant consideration only for
techniquesinwhichtheresininareversible gel state, similar to gelatin,
cannot be used), but also with mild reaction conditions to support
cell viability. For photoinitiated polymerizations, some of the mostly
commonly used macromers are PEGs, gelatin and hyaluronic acid
functionalized with acryloyls or methacryloyls (chain polymerization)
or thiolsand norbornenes (step-growth polymerization)®. Important
distinctions exist between these crosslinking chemistries and strate-
gies for their photoinitiation. Typical bioresin photopolymerizations
use365-nmor visible light (including 405 nm) and water-soluble radical
initiators, although specific initiation conditions vary by application
and lightsource. Regardless, the concentration of radicals, cumulative
light dose and incident photon energy must be restricted to a cytocom-
patiblerange. Typel photoinitiators (suchasIrgacure 2959 and lithium
phenyl-2,4,6-trimethylbenzoylphosphinate) undergo homolytic cleav-
age when irradiated, generating radicals; by contrast, excited type Il
photoinitiators (such as eosin Y and tris(2,2’-bipyridyl)ruthenium (II)
chloride) do not fragment but rather produce radicals by hydrogen
abstraction or electron transfer with co-initiating molecules®®, ren-
dering these slower and less efficient owing to competing reactions.
However, co-initiation by tris(2,2-bipyridyl)dichlororuthenium(ll)
hexahydrate/sodium persulfate (Ru/SPS) and visible light has been
shown to result in improved cure depths compared with near-UV or
visible-light-sensitive type l initiators®’.

Chain polymerizations reach the gel point at low conversions
(<2%), but are sensitive to oxygen inhibition, often require acryloyl-
modified biomolecules for network functionalization and result in
inhomogeneous, brittle networks?. By comparison, the thiol-ene and
thiol-yne reactions form more homogenous, tougher networks®*®.
These step-growth polymerizations require higher conversion to
reach the gel point but are more oxygen-tolerant than chain polym-
erizations, rendering them very efficient. Moreover, thiol-reactive
chemistries simplify network functionalization with biomolecules,
as alkenes readily form thioether bonds with cysteine thiyl radicals.
Other bioorthogonal and initiator-free photoclickable, as well assome
photooxidative, chemistries have also been applied to step-growth
spatiotemporal hydrogel formation, but these are less common and
introduce other challenges relating to synthesis and absorbance’ 7,
Recently, photooxidative tyrosine dimerization by Ru/SPS and visi-
ble light has been shown to be highly cytocompatible and capable of
crosslinking native tyrosine residues in decellularized extracellular
matrix (ECM)”, fibrin™, gelatin™”® and silk”>”’, forgoing the need for
macromer functionalization. Mixed-mode radical polymerizations
(for example, thiol-acryloyl polymerization) have yet to be imple-
mented in vat-polymerization-based bioprinting, but this chemistry
provides distinct kinetics, mechanical properties and degradation
profiles when compared with both step-growth and chain-growth
polymerizations’. Various photochemistries can also be orthogonally
and synergistically combined’”. Next-generation tissue engineering
research necessitates facile synthesis and scalability of photopoly-
merizable bioresins; in this respect, the thiol-ene reaction has been
optimized for controlling physicochemical material properties
while retaining superior cytocompatibility and kinetics over other
radical-induced photopolymerizations®®®!,

To further enhance post-polymerization stability, combinations
of materials and chemistries have been used to create interpene-
trating, dual-crosslinked or double networks by orthogonal light-
triggered reactions® or non-photoinduced, dynamic self-assembly®.
However, some studies have identified that self-healing, adaptable
crosslinks can compromise shape stability in photopolymerized 3D
structures, meaning that bioresin formulations containing dynamic
bonds should be optimized to balance the benefits of self-healing

Box 1

Typical bioresin formulations for
light-based vat-polymerization
bioprinting

Hydrogel network materials
e Poly(ethylene glycol) derivatives
e Pluronic-F127 derivatives
e Poly(vinyl alcohol) derivatives
e Hyperbranched polyglycerol
o Decellularized extracellular matrix and derivatives
e Gelatin and derivatives
e Hyaluronic acid and derivatives
e Collagen and derivatives
o Silk and derivatives
¢ Alginate and derivatives

Photocrosslinking chemistries
o Acrylate and methacrylate chain polymerization
e Thiol-ene and thiol-yne step-growth polymerization
o Photooxidative tyrosine dimerization
e |nitiator-free photoligation such as coumarin dimerization or
diazonium photolysis
e Photoclick network conjugation of guest-host crosslinks

Small molecules and additives

e Photoinitiators such as 12959, LAP, Eosin Y, tris(2,2-bipyridyl)
dichlororuthenium(ll) hexahydrate/sodium persulfate and
upconverting nanoparticles

e Absorbers to limit light penetration or scattering

¢ Inhibitors such as scavengers or quenchers

o Refractive index modifiers such as iodixanol

e Nanocomposite components, for example, graphene or silica

Special considerations

¢ lonic, hydrogen bonding or thermoresponsive components

e Dynamic, responsive or degradable macromers or crosslinkers

e Photocaged reactive groups

¢ Simultaneous preparation of interpenetrating networks

e Multimaterial approaches, for example, bioresin switching,
overprinting or bioresin orthogonality

e Computed light-dose gradient for scattering correction

e Post-printing cell-material interactions such as network
softening or contraction
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with long-term print fidelity®*-*®. Similarly, green strength, or initial
post-printing strength, of vat-polymerized biomaterials isimportant
to consider and has beenincreased in DLP by inclusion of monomers
containing ionic or hydrogen bonding sites®. Depending on post-
printing reactivity (caused by unreacted functional groups), the final
strength of the photopolymerized structures can be improved by
flood curing or thermal annealing to induce additional crosslinking®®.
However, the initial and final mechanical properties are not always
consistently reported and have yet to be compared across various
vat photopolymerization techniques. By achieving near-quantitative
conversion during the initial photopolymerization, some bioresins
(such as thiol-ene formulations) avoid post-curing steps, but radical
diffusion in such highly efficient systems can limit the resolution of
bioprinted features.

Reactivity, optical properties and viscosity. As discussed, many
existing photoinitiators have proven effective with cytocompatible
light doses used in vat-polymerization-based bioprinting. Generally,
the concentrations of photoinitiator and absorbers are on the order
of millimolar or less with reactive functional group concentrations
being tens to hundreds of times higher. This suggests that printing
increasingly large 3D structures will mandate more efficiently absorb-
ing initiation strategies and deeply penetrating wavelengths of light
owing to intrinsic limitations imposed by optical thickness. Near-
infrared-responsive and upconverting nanoparticles show promise
for low-intensity, long-wavelength photoinitiation of common chem-
istries in bioresin crosslinking®?°, although the cytocompatibility
of these methods has yet to be rigorously investigated. Combining
photoinitiators with inhibitory molecules hasimproved feature reso-
lution for some vat-polymerization applications, but also slows the
overall reaction rate*. Although rapid reaction rates are desirable
to minimize print times, kinetics must be tuned in accordance with
light dose and radical diffusion, especially with reactions that are not
oxygen-inhibited. For example, inclusion of the radical-scavenger
2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) was necessary for
thiol-ene-based VAM of tubular structures, which otherwise could
notbe constructed without the TEMPO-mediated inhibition period®.

Photoabsorbers, which are usually non-reactive molecules con-
taining chromophores that absorb lightin the same range as the initia-
tor, areused inbioresins toreduce light penetration depth, preventing
overcuringandimproving feature resolution. A broad range of photo-
absorbers have been applied in light-based vat-polymerization bio-
printing modalities, including Ponceau 4R, tartrazine, curcumin and
anthocyanin, as well as nanohydroxyapatite and gold and melanin nan-
oparticles®**. Inrecent examples, two-step absorption has been dem-
onstrated with various mixtures of initiator, scavengers and quenchers,
wherein anintermediate electronic state between the ground state of a
photoinitiator and excited, radical-forming stateis accessed in the one-
photon pathway, overcomingrestrictions of two-photon absorptionin
terms of both speed and resolution®°?, Alternatively, some absorbers
are susceptible to photodegradation or photobleaching at specific
wavelengths, allowing for other combinations of UV and visible light for
3D spatial control over photoinitiation****. Absorbers have also been
shownto limitlight scattering, which has alternatively been corrected
forby continuous gradientsin light dose*>*. Finally, optical properties
have beendirectly tuned to account for scatteringin cell-laden biores-
insusing refractive-index-matching compounds such asiodixanol***.
Of interest, newer developments have further allowed light-based vat
polymerization to occur in a radical (photoinitiator)-free manner,

by taking advantage of a caging/photoactivated uncaging process and
photoclick reactions”.

Beyond the biomaterial components, cells are inherently light
scattering, and cell sedimentation can lead to inhomogeneities in
cell-ladenbioprinted structures. Thus, high-molecular-weight photo-
polymerizable precursors or additives such as Percoll (colloidalssilica)
have been used to alter bioresin viscosity and reduce cell sedimenta-
tion?>*>%% and abuoyancy-assisted DLP system was developed to afford
continuous-injection liquid interface polymerization and to avoid
layering artefacts and cell settling during bioprinting®. Additionally,
diffusion of reactive oligomers in liquid bioresins occurs on length
scales that are obviously larger compared with feature sizesin DLP, cre-
ating conflicts when optimizing viscosity and extent of reaction'*’. By
contrast, VAM can be extended to non-diffusive solid-state bioprinting
for special bioresins, as with macromers capable of both thermogela-
tion and photopolymerization'®’. Naturally, initiator concentration
and light dose must be carefully balanced with the chosen bioresin
formulation to achieve desired reaction kinetics, all while controlling
viscosity and resolution (via inclusion of absorbers or inhibitors).

Photodegradation and sacrificial materials. TPL has been used to
selectively cleave adhesive peptide linkers or degrade channels into
pre-made hydrogels for perfusion or cell guidance using photocleav-
able moieties, such as nitrobenzyl, among others'**'%*, However, the
strong absorbance of intrinsically photodegradable functional groups
limits the maximum thickness of bioresinsincorporating these chem-
istries, but certain strategies have exploited photoinitiation toinduce
degradation. For example, allyl sulfides and disulfides have limited
intrinsicabsorbance, but participate in bond scission cascades ampli-
fied by radical propagation, reducing the optical thickness and number
of incident photons required for efficient de-gelation'*'°°, DLP and
other vat-polymerization techniques have been utilized to generate
degradable hydrogel and elastomer scaffolds to template contractile
soft tissue constructs, perfusable vasculature and topographically
defined intestinal stem cell monolayers'®"'°, Although photocleav-
able units have yet to be widely incorporated into bioresins for vat
polymerization, other sacrificial (for example, hydrolytically degra-
dable, enzyme-cleavable, thermo-reversible) or phase-separating
components can be introduced for the production of high fidelity
and intrinsically porous or vascularized 3D biomaterials®>*113,
Ultimately, light-based crosslinking of bioresins makes the fabrica-
tion of microscopically complex synthetic 3D tissues possible, with
various possible formulations to optimize print fidelity and enable
versatile post-printing modifications.

Variations in techniques

Bottom-up versus top-down configurations. In SLA and DLP bio-
printing, as 3D structures are formed eventually through a layer-
by-layer method no matter, if within each layer, the patternis created
via raster-scanning or single exposure, different directions towards
the layer-by-layer construction can thus be utilized. The bottom-up
configuration pulls the constructup asapreceding layeris crosslinked,
exposing the space between the layer and the vat bottom with the
liquid bioresin for patterning of the next layer (Fig. 1c). Such a configu-
ration is widely adopted, which confers the ability of 3D bioprinting
with minimum bioresin usage and is convenient in most application
scenarios. Nevertheless, because a bioprinted structure would need
to be pulled upwards and out of the liquid bioresin as the crosslinked
thickness increases, it would necessitate sufficient mechanical

Nature Reviews Methods Primers | (2023) 3:47

6



Primer

properties of the bioresin in its crosslinked state to ensure integrity
during the bioprinting process in combating the gravitational force.
This dilemmais effectively addressed by switching the configuration
to the top-down setup, in which the build plate is gradually moved
downwards as each layer is patterned (Fig. 2a). As such, however, it is
easily imagined that the vat must be deep enough to accommodate
the entire thickness of the structure to be bioprinted, plus the depth
of the build plate itself, leading to waste of bioresin. An additional
disadvantage of the top-down configuration is the surface tension
that may disturb the smoothness of the liquid bioresin between the
precedinglayer and air to be patterned, causing unwanted reduction
in printing fidelity.

Multimaterial bioprinting. The ability tointegrate multiple bioresins
tointroduce heterogeneity into bioprinted constructsis alwaysinstru-
mental to the engineering of structurally and functionally relevant
tissues. Unlike nozzle-based or droplet-based bioprinting modali-
ties, the unique requirement of successive operations within a vat
for vat-polymerization bioprinting poses some limitations when one
intends to achieve multimaterial fabrication. To date, multimaterial

Vat 1

vat polymerization has been achieved by several approaches®*'. One
obvious solutionis the use of multiple vats or similar configurationsin
SLA or DLP bioprinting"®" (Fig. 2b); as a layer of a different bioresin
needs to be patterned, the previously bioprinted structure can be
moved to another vat filled with the desired bioresin, with a washing
processinaseparate vat when switching back and forth. Alternatively, a
single vat can be used with manualinjection and depletion of different
bioresins®>"® or adopting a centrifugation approach to aid the removal
of the bioresin during switching”. This set of methodologies is con-
ceptually and instrumentally simple but is time-consuming owing to
the numerous stepsinvolved.

To streamline these various steps, alternatively, it has been
shown that by introducing a microfluidic chip device into the system
design in replacement of the traditional vat, it is possible to realize
automated bioresin-exchange and washing procedures'?*** (Fig. 2¢),
greatlyimproving the efficiency of multimaterial bioprinting. When a
microfluidic chaotic mixeris further adopted either alone'? or placed
in front of the microfluidic chip device™, on-the-fly modulation of
bioresin configurations or continuous gradients would be attainable.
A more recent report proved the use of bioresins injected through

Vat 2* Vat 3

a i b
A A
N
< Mirror
Projected light
Moving
direction

Vat
\ \
Bioprinted tissue Build plate
c d
Bioresin 2 ]
Bioresin 1

Fig. 2| Variationsin vat-polymerization techniques, taking digital light
processing bioprinting as an example. a, Digital light processing (DLP)
bioprinting in the top-down configuration. b, Multimaterial DLP bioprinting

Projected light
wavelength 1

L—J L—J L—J

— Projected light
wavelength 2

using multiple vats. ¢, Multimaterial DLP bioprinting using automated bioresin
change through a microfluidics-integrated vat. d, Heterogeneous-material DLP
bioprinting using multiple wavelengths.

Nature Reviews Methods Primers | (2023) 3:47



Primer

microfluidic channels dynamically created and integral to a printed
construct torealize multimaterial DLP fabrication®, Despite that these
multimaterial abilities are potentially transferrable to TPL or VAM, rare
demonstrations have been reported mostly owing to the lack of move-
able anchors for the photopatterned structures currently available
in these modalities. Moreover, oftentimes, solid (physically gelled)
bioresins are utilized in these two technologies to aid the bioprinting
process, which naturally makes more complicated the possibility of
multimaterial bioprinting, despite that multimaterial constructs hav-
ing spatially separated zones canstill be obtained by filling the vat with
multiple bioresins in parallel'”. Of note, one strategy of bioprinting
with heterogeneous material properties that might be suitable for all
the vat-polymerization methods discussed is that of taking advantage
of the multi-wavelength bioprinting. This method was originally shown
for simple photopatterning'* then in DLP printing'*>'* (Fig. 2d), in
which photoinitiators activatable under different wavelengths coupled
with different photochemistries allowed crosslinking of specific com-
ponents in a multicomponent bioresin vat, and was recently adapted
for tomographic printingas well”’. Similarly, greyscale fabrication using
intensity-gradient photomasks is able to generate printed structures
with mechanical property heterogeneities'?”'%%,

Converged approaches. Each bioprinting technique hasits own limi-
tations, and thus thereisatrendin the field of biofabrication to merge
technologies and gain the advantages of two or more bioprinting
modalities. For example, a DLP printer has been combined with an
extrusion-based printer towards engineering interface tissues bearing
unique property requirements for different segments'”. DLP can also
beintegrated with e-jet printing to produce hybrid electronic devices™’
or with acoustic-assisted printing to achieve necessary alignments
across the layers™'**, Within vat-polymerization bioprinting, both
DLP"“*and tomographic printing™° have been separately combined with
TPLtoenable 3D printing of constructs with feature resolutions across
multiple scales, and tomographic printing has also been combined

with melt electrowriting, to build fibre-reinforced structures™®.

Results

Light-based vat-polymerization bioprinting technologies enable the
use of intricate designs for a rapid generation of complex bioprinted
structures. Still, the generation of high-resolution structures with
enhanced functionality, stability and mechanical properties requires
optimization of used bioresins and different printing parameters such
aslight dose, print speed or layer thickness, depending on the used bio-
printing technique. Even after successful bioprinting, freshly fabricated
cell-loaded constructs have to mature into biologically functioning
tissue equivalents. This requires material stability, biocompatibility
and delivery of appropriate cell-material interactions guiding tissue
morphogenesis, as well as specialized post-processing, culture and
preservation conditions. Accordingly, the methods to assess printabil-
ity parameters, resolutions and biological functioning and maturation
ofthe bioprinted constructs are discussed.

Printability assessment

Light-dose response and working curve generation. In all light-
based vat-polymerization techniques, printability and resolution are
intimately dependent on the kinetics of the photocrosslinking reaction
and therefore unique for each bioresin formulation®*. Akey parameter
tobe optimized and enabling printability is the amount of light energy
(dose) thatis supplied to each voxel. Too low doses lead to insufficient
crosslinking and failure to develop the smallest feature sizes, whereas
too high doses can lead to over-crosslinking and loss of resolution
owing to off-target polymerization"'¥. In the context of SLAand DLP,
therefore, afirst stepis toassesstherelation between differentirradia-
tion conditions and the spatial propagation of the polymer crosslinking
within the bioresin vat, a relation estimated by the working curve for
thegiven photopolymer. A simple method to establishthe SLA or DLP
working curves consists of projecting onto the bioresin vat an array of
spaced disks or squares, with each sample exposed to an increasing
light dose (Fig. 3a). The irradiation pattern can also be randomized
to minimize the effect of possible unequal illumination across the
build window'®, For higher light doses, light will travel further into

a Light-dose determination

Ordered

Randomized

Cy (um)

b Light-dose versus photoabsorber
concentration

Fig. 3 | Determining light-dose responses and
working curves in light-based vat-polymerization
bioprinting. a, A simple method to establish the
single-photon stereolithography or digital light
processing working curves consists of projecting

an array of disks or squares onto the bioresin vat
where each of those is exposed to anincreasing

light dose. b, After crosslinking, the thicknesses
ofthebioresin layer are measured and recorded to

Photoabsorber
concentration

Less susceptible to illumination
inconsistencies

Susceptible to illumination
inconsistencies

C Determining light dose in VAM

Dose test 1 Dose test 2

Exposure intensity

Exposure time

Energy (mJ cm™)

Dose test 3

create alight energy versus thickness plot that can
be used to construct the working curves. ¢, A dose
testis performed to identify ideal light-exposure
parameters for tomographic bioprinting, by
projecting an array of disk-shaped spots within
acuvette containing the bioresin, with each spot
corresponding toavarying lightintensity and
exposure time. C,, curing depth; VAM, volumetric
additive manufacturing.
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a Light-dose optimization

b Layer thickness determines z-resolution

C Positive versus negative features

Exposure

Feature size

Fig.4|Resolution assessmentsinlight-based vat-polymerization bioprinting.
a, In point-by-point and layer-by-layer vat polymerization, resolution is assessed
by printing diagnostic models with small positive and negative features that
rangeinsize at light-exposure parameters in the optimal range identified with the
working curve. b, In single-photon stereolithography and digital light processing,
the printed structures can display a notable pixelated profile depending on the

d Measuring negative resolution

SSaUNOIY) Joke]

layer thickness. ¢, Tomographic bioprinting enables fabrication of objectsin a
layerless fashion with the resolutions measurable through attainable negative
and positive features. d, Measurement of the resolution of negative features can
be facilitated by using fluorescent dyes; here a negative cone s filled with adye,
and the maximum attainable negative resolution is determined by measuring the
tip dimensions of the cone.

the bioresin (curing depth, C,), causing the crosslinking of a thicker
structure. After irradiation, the uncured bioresin is washed off. Depend-
ing on the stiffness of the resulting hydrogel constructs, and on how
closetoeach other these have been crosslinked, their thickness canbe
measured withacaliper, a profilometer, amicrometre or from micros-
copyimagesand thenrecorded to create alight energy versus thickness
plot (Fig.3b). The working curve is then defined by the following equa-
tion, where D, indicates the light penetration depthand £, indicates the
minimum energy needed to crosslink the photopolymer:

E
Cd = Dp . lnFc (1)

This information is crucial to select the photoexposure condi-
tion and the layer height that can be targeted when bioprinting (and
therefore the highest resolution achievable in the Z-direction, or
axial resolution). However, it should be kept in mind that, in practice,
the light intensity is not perfectly uniform throughout the thickness
of the layer™. The light intensity tends to drop off as it moves through
the bioresin owing to absorption effects, and therefore the layer starts
crosslinking closer to the light source and grows in thickness over
time during the photoexposure step, until it reaches the previously
crosslinked layer. Therefore, to ensure effective binding of alayer onto
the previous one, exposure time should be slightly increased above
whatisidentified according to the working curve. The exact light dose
(and layer height) can be fine-tuned empirically with test prints.

In tomographic bioprinting, identification of the workable light
dose range is the first step towards printability. As this approach is
layer-freeand, in principle, all the parts of the object are crosslinked at
once and near-simultaneously, a key parameter governing printability
isthe threshold energy needed toinitiate photocrosslinking, which can
alsobe detected withadose test, similar to those classically used in TPL
optimization'’. Typically, an array of disk-shaped spots is projected
across the build volume, inwhich astatic, non-rotating square cuvette
containing the bioresin is placed (Fig. 3¢). Each spot corresponds
to a given light intensity and exposure time (usually varying from a

few seconds to no more than a couple of minutes). In tomographic
bioprinting, different from SLA and DLP, light needs to travel all the
way through the vat in the direction longitudinal to the projections,
with atleast 37% of theincoming light intensity reaching the opposite
edge of the vat™, Thus, rather than measuring the C,, the lowest dose
required to obtain a crosslinked disk that bridges the entire thickness
of the cuvette is recorded as needed to ensure printability®’.

Resolution assessment. Resolution in light-based vat polymeriza-
tiondirectly correlates with the capacity of the bioprinting process to
confine the photocrosslinking reaction within the desired voxel and
therefore is correlated to the optical voxel size (for example, size of
thelaser spot or of the pixels onthe DMD), the light-dose distribution
inside and outside the voxel of interest and the mobility and diffu-
sion of the reactive species triggering the crosslinking'*’. Resolution
also differs depending on the axis along which it is measured in the
produced object (as in longitudinal or orthogonal to the direction
of projection of the light) and if the measurement refers to positive
features (such as spikes, tips and pillars) or negative features (such
as channels, pores and voids)'". Typical assays to assess resolution
in layer-by-layer vat polymerization consist of printing diagnostic
models with small positive features, such as rectangular posts ranging
in size at light-exposure parameters in the optimal range identified
with the working curve. At decreasing exposure, the smaller positive
features are not formed and with halfthe light energy only the largest
ones will formbut they will be weaker and thinner than they should be.
However, simply maximizing exposure leads to overprinting'*?. This
is especially relevant for printing negative features: when printing
gaps of different sizes, high-exposure printing will resolve the larger
gaps but will lead to complete fill-in of the smaller ones effectively
lowering the resolution (Fig. 4a). More notably, in point-by-point and
layer-by-layer methods, the axial resolution, longitudinal to the light
projection, is determined by the layer thickness. Overcuring utilizing
too high light doses can therefore lead to difficulties in printing over-
hangs and pores oriented along the XY plane, asifthe C,islonger than
the layer height; pores in the adjacent layers will be clogged by partly
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crosslinked bioresins. All these effects can be quantified by printing at
different layer thickness test models, such as cubes with longitudinal
pores (of cylindrical or squared section) of different sizes'**. Finally,
aseach layeris composed by joined rectangular voxels, the surface of
the printed objects can display a pixelated profile, which can be readily
evaluated through microscopy images, depending on the resolution
of the device'*. For the same region, cross-sections of the object to
beprinted canalsoreveal aclear layering pattern that depends on the
layer thickness (Fig. 4b). Although this printing artefact could also be
exploited to introduce roughness useful for aligning cultured cells
via contact guidance, continuous bioprinting approaches, such as
continuous liquid interface production and xolography, can be used
to minimize their appearance'®.

In tomographic bioprinting, the planar axis, which is perpen-
dicular to the direction of light, and the tomographic axis, which is
parallel to the direction of light, have different phenomena that are
governing their resolution. The surface of the DMD is imaged into
the vial containing the material. The voxel resolution in the centre
of the build volume is determined by the pixel size of the modulator
and the magnification of the lens system. However, at a distance from
the centre of the printed object, the effective pixel size increases pro-
portionally to the divergence of the illumination beam. The etendue
of the illumination source and the accuracy of the volumetric dose
reconstruction lead to decrease in resolution, which can be limited
by using illumination source with alow etendue. Inaddition, overall
resolution might be affected by the diffusion of radical species and
sedimentation of the printed object'". Use of the bioresins with high
viscosities (>10 Pa s) counteracts the sedimentation of the printed
objectbelow 10 pum (ref. 146), an effect that can be even negated by the
use of thermoreversible gelling materials such as gelatin. Moreover,
highly viscous resins also limit the diffusion of the radical species
outside the voxels of interest®. Resolution assessment is performed
by printing the object with positive and negative features (Fig. 4c),
which can then be analysed with microscopy**. To facilitate visuali-
zation of small negative features and to improve their imaging con-
trast, the hydrogel bioresin can be formulated with a fluorescent
dye or oppositely the hollow object can be filled, for instance, with
fluorescent dye (Fig. 4d).

Metrology, image reconstruction and imaging techniques for char-
acterizations. An initial printability assessment during the printing
processis done using amonitoring camera. After the sampleis printed,
it can be inspected visually and using simple stereomicroscopy. For a
more precise analysis, microcomputed tomography canbe performed
to reproduce full sample architecture. Alternatively, printed objects
can be scanned in 3D with resolutions down to 0.01 mm or imaged
using alight-sheet microscope, confocal microscope or a fluorescent
microscope equipped with computation clearing. The imaged 3D
object canbereconstructed using microscope-specific software such
asLAS X (Leica) or ZEN (Zeiss) or open-source software such asImageJ
or nRecon and after correction of light distortion in the z-dimension,
theimage canbereconstructedin 3D. For specific analysis, the recon-
structed sample morphology can be compared with the original 3D
model of the object using Image]J plugins or specified software such
as Cloudcompare. These software tools compare the STL file of the
modelwiththat of the bioprinted sample and calculate the differences
of the volume fidelity between them, giving the sample-to-model
fidelity in percentage. For example, volumetric bioprinting shows
on average volume variation of below 5-10% when comparing the

printed constructs acquired viamicrocomputed tomography and the
original STL files®.

Cellular assessment. The bioprinted constructs can be stored, cul-
tured and analysed similarly to cell-laden photocurable hydrogels,
whichare frequently used as 3D culture systems'*®. In contrast to extru-
sion-based bioprinting'®, light-based vat-polymerization bioprinting
techniques are nozzle-free and do notimpose high shearing forces on
the encapsulated cells avoiding destruction of cluster architectures,
organizations and cell-cell interactions®. Typically, the use of light-
based polymerization, especially in the UV-A and near-UV visible-light
range, together with free-radical generation common to many photo-
chemistries used in vat polymerization, may raise concerns regarding
potential cell impairment, and therefore assessments evaluating the
presence or absence of DNA damage or oxidative stress can be benefi-
cial. It should also be noted that previous literature has extensively
reported safe photoexposure windows of parameters, in which no last-
ing cell impairment is found even with the proteome analyses™’, and
that photoreactive hydrogels can protect the cells from free radicals,
as the radicals are captured to trigger crosslinking reactions, such as
in chain-growth polymerization™'. Additionally, the maturation capac-
ity of the encapsulated cells demonstrates compatibility of bioresins,
bioprinting process and subsequent culture conditions, which takes
place over several days to weeks, in some cases even months. In the
case of organoids or stem cell clusters, maturation is demonstrated
by the ability of the encapsulated cells to differentiate and to form
highly organized structures resembling the natural architecture of
the target organs™. Advanced maturation is associated with obtaining
organ-specific functionality, such as measuring the electrophysiol-
ogy in stem-cell-derived neuronal cells'’, and ability of ammonium
elimination from perfusate for liver organoids™.

Applications

Light-based vat-polymerization bioprinting represents a promising
technology for a wide range of biomedical applications. This section
offers an overview of the various strategies exploited for engineering
structurally and physiologically relevant tissues towards regenerative
medicine and tissue models for use in drug discovery.

Point-by-point scanning

Two-photon irradiation can be exploited in multiple ways, from
polymerizing 3D scaffolds®>** ¢ and patterning them with bioactive
molecules®*°to degrading them by means of photocleavage reac-
tions'?'*"1> or ablation*'**'* (Fig. 5A). However, owing to the limited
build volume and long printing process, TPL has been so far largely
limited to constructs ranging from hundreds of micrometres to few
millimetres?'>, This limits the ability of TPL to target tissue size or
organsize, but it holds great promises for high-precision bioprinting
of microtissue models®3>1341551621657167 hroduction of soft microstruc-
tured cell and drug delivery systems (such as microneedle arrays or
microrobots)'**""? and the study of cell mechanobiology'”>'"*. More-
over, owing to the intrinsic confocality of two-photonirradiation and
enhanced tissue penetration of near-infrared wavelengths, TPL has

alsobeen explored for printing in vivo'” and inside (synthetic) cells'®.

Layer-by-layer projection
Projection-basedlithography hasbeen used with various cell types, such
asstem cells and their derivative cell types®>**"*"”7, mesenchymal stem

cells**'”8, adipose-derived stem cells'”*'*°, endothelial cells***178181182.
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A Point-by-point B Layer-by-layer Fig. 5| Examples of tissue-engineered constructs.
A, Examples of point-by-point printing. Aa, Point-
Aa Ac Ba by-point printing of vascular network by means
Hydrogel Air duct with tidal of two-photon mechanism with human umbilical
ventilation vein endothelial cells endothelialization. F-actin

(green) and nuclei (blue). Scale bar,100 pm. Ab,
Two-photon-based ablation and endothelialization
of glomerulus-like vasculature. Scale bar, 100 um.
Ac, Two-photon patterning of growth factors to
guide axon outgrowth. Avidin-SAT-F + NGF (blue),
Blll-tubulin (red) and F-actin (green). Scale bar,
50 um. B, Examples of layer-by-layer printing. Ba,
Layer-by-layer printing of entangled vasculature
networks. Scale bar,1 mm. Bb, Fast printing of
large constructs featuring perfusable channels.
Scalebar,1cm.Bc, Cellular alignment in FLight-
Bi-directional bioprinted t:onstructs atday1(top)andday?7

flow and mixing — (bottom). Filamentous gel (red), normal human
dermal fibroblasts (green) and nuclei (blue). Scale
bars, 20 pm. Bd, Differentiation of C2C12 muscle
cellsinbioprinted constructs without (stiff gel,
gelatin + hyaluronic acid methacrylate (GH)) or
with (soft gel, hyaluronidase (Hase)) enzymatic
digestion. Myosin heavy chain (green) and nuclei
(blue). Scale bar, 50 pum. C, Examples of volumetric
printing. Ca, High-fidelity tomographic printing
of mouse pulmonary artery. Scale bars, 5 mm.

Cb, Bioprinting of mesenchymal stem cell-laden
trabecular bone. Osteogenic medium-primed
mesenchymal stem cells (pink). Scale bars, 2 mm
and 500 pm. Cc, Bioprinting of C2C12 myoblast-
laden complex model. Myosin heavy chain (red)
and nuclei (blue). Scale bars,2 mmand 200 pm.
RBC, red blood cell. Part Aareprinted with
permission fromref. 160, Wiley. Part Ab reprinted
with permission fromref. 163, Wiley. Part Ac
reprinted with permission fromref. 158, Wiley.
Part Bareprinted with permission from ref. 143,
AAAS. Part Bb reprinted with permission from
ref.191, Wiley. Part Bc reprinted fromref. 201,
CCBY 4.0.Part Bd reprinted from ref. 110, Springer
Nature Limited. Part Careprinted fromref. 146,
Springer Nature Limited. Part Cb reprinted with
permission from ref. 33, Wiley. Part Cc reprinted
with permission fromref. 80, Wiley.

C Volumetric
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myoblasts®*'®3, hepatic cells’**®, chondrocytes'™ and tumour cells'®,
showing good biocompatibility (cell viability >70-80%), thus opening
the way to various tissue targets.

Of pivotalimportance for the successful engineering of large tissue
constructs, DLP has gained particular interest for the generation of mul-
tiscale vasculature networks'*°, This has been elegantly demonstrated
by the generation of 3D entangled vascular networks resembling alveolar
topology'* (Fig.5Ba).Invitroand invivo studies confirmed the potential
of this method to generate large, vascularized tissues for regenerative
medicine. This technology, acquired by 3D Systems, has progressed
towards full size lung constructs with micron-level capillaries and is
heading towards preclinical transplantation studies in collaboration
with Lung Biotechnology PBC (United Therapeutics)'°. Also recently,
the high-fluidity-photoresin approach was leveraged to bioprint large,
clinically relevant-sized cell-laden hydrogels featuring vessel networks
(Fig. 5Bb), thus maintaining high cell viability in the core of the construct
owing to improved nutrient and oxygen transport'”’.

Besides vascularized constructs, DLP holds great promises for
the printing of a wide variety of other cell-laden implants and tissue
models. For example, it has been used to bioprint cartilage*'%"'*?,
bone'”, corneal™®’, glioblastoma and liver-like tissues as well as acel-
lular heart valves™*, bone implants'®*'*°, vascular grafts'”’ and nerve
conduits®2°, Another DLP-enabled technology termed filamented
light (FLight) biofabrication has also recently emerged as a promising
method to bioprint aligned tissue constructs with unprecedented
speed and cell guidance capabilities®” (Fig. 5Bc). In addition, DLP
has been explored for non-invasive, in vivo bioprinting. In contrast
to the conventionally used 365-405-nm irradiation, the higher tissue
penetration capacity of near-infrared light (980 nm) was exploited to
photocrosslink 3D structures in situ within subcutaneously injected
photoresin®%. Interestingly, DLP can be exploited to manufacture pro-
grammable shape-morphing hydrogel constructs (4D printing), thus
making it possible to obtain complex 3D geometries and curvatures
from relatively simple prints?**>*°*,

ECM and cellular heterogeneity strongly contribute to the mechan-
ical and physiological functions of human tissues. Using a nitroben-
zyl-modified chondroitin sulfate to mitigate excess of free radicals
diffusion, high-resolution, multicellular bioprinting of liver units was
reported’®. In other examples, geometric complexity was combined
with regionally varied stiffness®*** or with post-printing patterning
of bioactive molecules®, thus further improving the functionality of
the biomimetic cell microenvironment. Cell spreading and nutrient
exchange can be modulated and improved with the use of bioresins
containing porogens, whichis of particularimportance for large tissue
ConStruct554,63,64,111,113.

Overall, projection-based bioprinting offers an unprecedented
opportunity to biofabricate large, yet highly complex tissue architec-
tures. However, to date, high resolution has been generally achieved
with highly concentrated photoresins (typically >10% gelatin meth-
acryloyl (GelMA) or PEG-diacrylate), thus resulting in stiff constructs.
Recently, a post-printing molecular cleavage approach was proposed
to tune the mechanical properties of the bioprinted constructs with-
out affecting their structural complexity"®, opening new avenues for
DLP-based bioprinting of ultrasoft tissues (Fig. 5Bd).

194

Volumetric approaches

Despite being inits infancy, tomographic printing has been already
explored to generate vascular-like constructs’”'*¢*°¢, as well as bio-
printing of tissues resembling cartilage®, muscle®, liver** and bone?*®

(Fig. 5C). The rapid fabrication times and the absence of mechanical
stressesimposed to cells canbe particularly beneficial for applications
in which fragile cellular structures (such as epithelial organoids) are
involved®*. Contrary to SLA and DLP, tomographicbioprinting requires
high photoresin transparency for the light to penetrate through the
whole printing volume. This aspect intrinsically limits the number of
suitable photoresins, as well as the density of embedded cells (typically
<2x107 cells mI™), if strategies that mitigate light scattering caused by
intracellular organelles are notinplace. In particular, low cell densities
areless desirable as the biofabrication field moves towards increasingly
high cell density bioinks and bioresins (tens or hundreds of million
cells per millilitre)®””. With current capabilities, tomographicbioprint-
ingis amanufacturing method betterindicated to generaterelatively
low cell densities, centimetre-scale tissue constructs, free-form soft
robotics components and perfusable tissue models for organ-on-
chip technology. Substantial advances for tomographic bioprinting
competitiveness could result from the introduction of multimaterial/
multicellular printing strategies'?, elimination or enabling to design
self-focusing-induced microporosity'*°® and further improvement
of positive and negative resolutions that are to date generally equal
orlowertoSLAand DLP.

Reproducibility and data deposition

Several factors caninfluence the reproducibility of vat-polymerization
bioprinting processes and the quality of resulting bioprinted tissue
constructs. Toensure extended applications of these bioprinting tech-
niques, considerations in a multitude of parameters such as bioink
designs and preparations, operational procedures as well as data
reporting and repositories shall be carefully taken.

Bioresin considerations
As photoactivatable bioresins are key to any of the light-based vat-
polymerization bioprinting techniques, the biomaterials oftentimes
would need to be functionalized from their pristine forms to be usable.
Synthetic biomaterials are usually more reproducible especially those
that can be commercially sourced that have undergone proper quality
controls. Naturally derived biomaterials, on the contrary, can be quite
inconsistent in their reproducibility owing to multiple reasons. One
isthe nature of these biomaterials; as they are produced from natural
tissues, depending on the species and tissue type they are coming from,
aswell astheir processing method, the raw, unmodified biomaterials
are already inconsistent in their properties made up of molecules of
varying molecular weights and molecular sequences or configura-
tions, in particular with protein-based biomaterials. Then, with further
functionalization to endow these biomaterials with photoactivatable
moieties, whichinvolves additional processing steps, more variabilities
may be introduced leading to quality concerns for these naturally
derived biomaterials when they are used as bioresins for bioprinting.

Some new developments have shown the potential to simplify the
problem, to some degree. For example, the relatively recently reported
photoinitiator of Ru/SPS™” enables efficient formation of crosslinks
through oxidizing aromaticresidues suchas thosein tyrosineleading to
generation of di-tyrosine bonds with adjacent tyrosine groups. Accord-
ingly, protein biomaterials in their unmodified form can be directly
photocrosslinked as long as sufficient tyrosine groups are present on
their molecular chains, suchas fibrin™, gelatin’, decellularized ECM”
and ssilk”>”7, among others.

Incorporation of cells poses another major factor contributing
to reproducibility issues. Beyond the cell-source variability that is
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universal to any biofabrication methods, the cell type and density also
matter in terms of determining bioresin performances owing to the
light-based production procedures that are easilyimpacted by scatter-
ing and diffraction of incidentlight. Arecent publicationindicated that
by introducing cytocompatible refractive-index-matching compounds
such as iodixanol, VAM** or DLP* bioprinting in the presence of high
celldensities is possible without remarkably sacrificing the resolution.
Another concernisthe sedimentation of the cells during the bioprint-
ing process, which can be addressed in TPL and VAM using physically
gelled solid bioresins, which, nonetheless, remains as a major obstacle
for SLA and DLP bioprinting as liquid bioresins would have to be used
inthese setups.

Other operational considerations

Although the effect of bioresin viscosity is not as strong as in some
other bioprinting methods such as extrusion (which uses high viscosity
values) and inkjet (which uses low viscosity values), it is also a factor
to consider in vat-polymerization techniques. TPL when it comes to
photocrosslinking as well as VAM, as discussed earlier, can accommo-
date wider ranges of bioresins as both liquid and solid bioresins canbe
used towards fabrication aslongas the structures are anchored to the
surface of the build plate. For photodegradation of TPL, by contrast, it
has tostart with solid bioresins, given the fact that the patterned free-
form hollow structures need to be mechanically supported to avoid
shape change. For SLA and DLP bioprinting, the bioresins need to be
intheliquid form; however, awide range of bioresin viscosities can be
used (10-5,000 mPass). Itisimportant to note that parameters such as

Box 2

ambient temperature could affect the reproducibility, especially for
temperature-sensitive bioresins such as those based on gelatin. To
thisend, the utility of fish gelatinand its derivatives shows advantages
owing to their lower responsiveness to temperature compared with
porcine counterparts™.

Bioprinter hardware and software further contribute to the repro-
ducibility performance of vat-polymerization platforms. Examples
include control precision such as that for motor movements in the
XY plane (for raster-scanning mode), the Z-direction (for both point-
by-point and layer-by-layer scanning modes) and the rotation (for
tomographic printing). However, unless the systems are custom-built,
the freedom of such controls is always limited when commercial bio-
printers are used. Unlike extrusion bioprinting, path planning may not
aid muchin vat-polymerization bioprinting.

Reporting and data repositories

Standardization in bioresins and experimental procedure are lack-
ing for vat-polymerization bioprinting, and reporting standards are
rarely considered by the community. In Box 2, we list a collection of
keyitems that must be reported to ensure that sufficient informationis
included to promote reproducibility. Databases for vat-polymerization
bioprinting — or bioprinting in general — are scarce. The 3D Printing
Database is dedicated to 3D printing and bioprinting collectively,
yet the number of parameter items is still very limited, and entries
arenot classified by printing or bioprinting modalities, which require
distinct sets of reporting parameters for their operations (see those
necessary for extrusion bioprinting'®). GitHub, arepository of software

Recommended reporting standards

Bioresins (biomaterials)
¢ Type of biomaterial
¢ Origin of biomaterial
e Biomaterial concentration
e Catalogue or lot number of biomaterials (if commercially sourced)
e Procedures for synthesis, derivation or modification of
biomaterials (if manufactured in-house)
e Pertinent information regarding photoinitiators

Bioresins (cells)
e Type of cell or cells
e Catalogue or lot number of cells
e Cell-culture medium and conditions
e Passage number
e Cell density
e Procedures for isolation, modification or differentiation of cells
(if applicable)

Bioprinter hardware and software
e Type/model
e Subtype
e Bioresin/vat temperature
o Specifics for DIY or modification (if applicable)

Bioprinting procedure

o Raster-scanning step size (two-photon mechanism (TPL)/single-
photon lasers (SLA)) or projection pixel size (digital light processing
(DLP)/volumetric additive manufacturing)

e Raster-scanning speed (TPL/SLA), layer projection time (DLP)
or vat rotation speed (volumetric additive manufacturing)

o Layer thickness (TPL/SLA/DLP) or vat rotation step angle
(tomographic printing)

o Details of software used for segmentation and planning the
bioprinting path; specify if custom-designed

o Ambient temperature if different from that of bioresin/vat

o Other photocrosslinking or photodegradation parameters,
including laser/light output power density and wavelength used.
If multiple procedures are used (such as in multimaterial), specific
information of each procedure shall be reported

Post-bioprinting
o Tissue culture conditions
e Maturation conditions
e Specifics on culture medium, culture container and other culture
conditions
¢ Type and specifics of the maturation methods if applicable,
for example, flow, biomechanical or bioelectrical
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Glossary

Multi-wavelength bioprinting
Bioprinting using multiple wavelengths,

Green strength

The strength of the 3D-bioprinted
material before it is processed to its
final strength.

where each wavelength crosslinks
a specific component within the
bioresin.

Melt electrowriting

A 3D printing method that uses electric
fields to draw molten polymer filaments
at microscale or nanoscale diameters
with defined patterns before bending
instabilities occur.

Porogens

An additive that can disperse in the
bioresin and may leach out or dissolve
away to form pores in the material.

and firmware version-control and collaboration platform, may also be
useful for vat-polymerization bioprinting. In general, a trend is that
databases for open scientific and research data-sharing are becoming
increasingly more common, withexamples being Zenodo and Mendeley
Data, among others.

Limitations and optimizations

Different vat-polymerization bioprinting techniques have their own
unique advantages and disadvantages, resulting in the different ranges
of key performance indicators that each of them can achieve towards
various applicationsintissue fabrication (Table1). In this section, some
major limitations of these vat-polymerization bioprinting techniques
arediscussed with potential solutions to optimizations also suggested.

Mechanical property-gravity balance

SLA and DLP bioprinting canbe divided into top-down and bottom-up
configurations. Although the former is not quite influenced by gravi-
tational force during the 3D construction process as the platform is
always immersed within the liquid bioresin, it is plagued by surface
tension problems as well as the substantial waste of the bioresin. Onthe
contrary, the bottom-up approach uses the minimal bioresin pos-
sible, but as the upward-pulled parts often are exposed to air out of
the liquid bath, it is difficult to maintain integrity of the bioprinted
structures when soft tissues need to be engineered. Several method-
ologies have been proposed accordingly. In one example, a fluid sup-
portwas utilized to introduce buoyancy force in mitigating the force
caused by gravity, during the pulling steps®. Alternatively, the
bioresins can be meticulously designed, such as using a multicom-
ponent bioresin of GeIMA and hyaluronic acid methacrylate, which
enable stiff constructs to be created initially, followed by subsequent
selective cleavage of the hyaluronic acid methacrylate molecules to
return the mechanical properties back to those controlled by the
low-concentration GelMA™.

Addressing limitations of reconstruction

Of all the techniques belonging to the family of vat polymerization,
tomographic bioprinting is one of the most recent. How, and, albeit
promising, itisstillinitsinfancy. Further research effortsare required
to advance this technique. In terms of software and reconstruction
algorithms, the current versions are directly derived from processes
commonly utilized in tomographicimaging, in which thefiltering and
back-projection steps produce a virtual image, rather than a physical
object. The Ram-Lak filter returns projections with both negative and

positive values, the former of which would require sending light capable
ofinhibiting the crosslinking reaction. Although this concept has been
already demonstrated®’, the practical implementation is not trivial,
and currentalgorithms circumvent this challenge by thresholding and
setting the negative values to zero. As this resultsin the accumulation
of highundesired light dosesin certain off-target regions of the design,
insome cases, it could partly overcure thin features, therefore reducing
the achievable resolution. Although algorithmsincluding corrections
to improve contrast between on-target and off-target regions of the
vatarebeing successfully developed™®*?, further researchin printing-
dedicated tomographic reconstructions is needed to maximize the
resolution of tomographic bioprinting. Thisis also especially relevant
for the field of bioprinting, in which the accuracy of the tomographic
printing process can be hampered by light scattering caused by cells,
microparticles and ECM aggregates. Methods to adjust the refrac-
tive index of the bioresins with biocompatible index-matching com-
pounds and to computationally minimize the effect of scattering via
optimizing the filtered tomographic back projections have already
been successfully implemented***.

Improving speed and resolution
Thevarious vat-polymerization techniques feature different bioprint-
ing speeds. Intomographicbioprinting, the time needed for production
doesnot necessarily scale with the volume, making this technique the
fastest.In DLP, the bioprinting speed s linearly related to the thickness
of the construct, and for SLA and TPL, speed scales with the volume.
Despite these differences, there are generally methods to improve
the bioprinting speed of each modality. In DLP, for example, the con-
tinuous liquid interface approach enables fast creation of volumetric
structures****112'py building an oxygen-containing dead zone into the
bottom of the vat separating the patterned layers from the vat surface.
Thespeed of the DLP process may be further enhanced by embedding
abioresin-immiscible fluid layer as the dead layer, which s further cir-
culated to dissipate heat generated from photopolymerization*?. For
SLA, speed is aided by the light-sheet system?. A multifocus process
that simultaneously generates and controls up to 10 laser foci further
enables parallel nanofabrication through TPL**; alternatively, multiple
beams can be used to also expedite the TPL procedure®”.
Resolutionisinversely proportional to the operational speed for
the printing modalities. TPL has the highest resolution (tens of nano-
metre range) followed by SLA, DLP and VAM bioprinting techniques
(micrometres to tens of micrometres). Resolution scales can vary
depending on the specific setups. Some broad strategies for resolution
enhancement include the utilization of 8K/16K DMD or other projec-
tion systems as the light-pattern sources. Other methods that can
increase resolutioninclude the synergy of two light sources, in which
one photopolymerizes and the other inhibits polymerization**, volume
shrinkage post-bioprinting”**® and the integration of feedback and
correction algorithms into the software'*®*",

Outlook

In the past decade, light-based vat-polymerization bioprinting has
gained traction within the fields of bioprinting and tissue engineer-
ing. The adoption of light-based vat-polymerization bioprinting is
evidenced in multiple commercial systems recently coming to market’.
There are several exciting emerging use cases as well as technological
developments that, if validated, will enhance the performance and
scope of light-based vat-polymerization bioprinting as a powerful tool
for both life science research and clinical applications.
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Weareexcited about early workinintelligent bioprinting by integrat-
ingmachinelearning with light-based bioprinting. One of the limiting fac-
tors of the spatial resolution of light-based polymerization, whichis only
exacerbated in cell-laden bioprinting, is the effect of light scattering®°.
The effect of light scattering on resolution can be reduced to an extent
by trial-and-error modification of the printing parameters and printing
solution composition (by adding photoabsorbers, forexample); however,
thisisatedious, time-intensive process and likely not toresultin optimal
resolution for fine features. Recently, machine learning using deep neu-
ral networks has been shown to be capable of generating digital masks
withamodified geometry and greyscale values to produce a3D-printed
part of a preset specification with superior microscale resolution when
compared with trial-and-error optimization®*?*>, Machine-learning
optimization of the key properties of abioprinted device or tissue — such
astheresolution and mechanical properties — will eventually enable the
specification of desired properties of abioprinted construct for any given
arbitrary geometry and known printing solution composition. Arecent
reportshowed acontrast-based focusing mechanism that could be auto-
mated for consistent single-digit microscale’”. Automated focusing
coupled withmachine-learning optimization will eventually enableanon-
expert user to simply input their 3D image file and desired mechanical
properties, and the bioprinting system will do the rest.

There are currently no bioprinting solutions used in the clinic as
the commercial use of the technology is in the nascent stage. The US
Food and Drug Administration (FDA) has only just begun in the last
year to consider developing regulatory guidance on using 3D printing
technology in the clinical setting?*. Light-based 3D printing is already
widely adopted by the dentistry field, in which practitioners use 3D scan-
ners with 3D printers to fabricate amyriad of patient-specific solutions
ranging from crowns to surgical implants to mouthguards and retain-
ers??2¢ The FDA has not produced guidance on combining human cells
ortissue with 3D-printed constructsin the clinic, letalone bioprinting.
Light-based bioprinting has the greatest potential of the bioprinting
modalitiestobeincorporatedin the clinical setting asit has the quickest
production process, does notinduce mechanical stress onthe cells and
iscapable of providing the highest resolution. Owing to the complexity
inoptimization and need for consistent microscale resolution to match
injury-specific build specifications, automating the bioprinting process
willbeanecessary leap tointegrateitinto the clinical setting. Addition-
ally, clinicians will need to be able to readily develop a bioprinted scaf-
fold therapy based on the defect of a patient upon presentation. Already
researchers have shown that they can transform 3D medical images
into structures that match the geometric shape of a defect site’*°. To
achieve bioprinting at the point-of-care, aturnkey ecosystem will have
tobe developedfora clinicianto fabricate a patient-specific bioprinted
scaffold directly from a 3D medicalimage of a defect site. Alternatively,
intravital bioprinting (bioprinting directly at the site of injury or defect)
hasbeenreported using light-based vat-polymerization techniques™ %
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