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Abstract | Light-based vat-polymerization bioprinting enables computer-aided patterning of three-
dimensional (3D) cell-laden structures in a point-by-point, layer-by-layer, or volumetric manner,
through the use of vat(s) filled with bioresin(s) that are photoactivatable. This collection of
technologies, divided by their modes of operation into stereolithography, digital light processing,
and volumetric additive manufacturing, have been extensively developed over the last decades,
leading to broad applications in biomedicine. In this Primer, we illustrate 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.



[H1] Introduction

Three-dimensional (3D) bioprinting utilizes computer-aided processes to spatially pattern cells
or/and auxiliary biomaterials to enable creation of functional bioengineered structures for a variety
of applications in biomedicine!. Light-based vat-polymerization was the first 3D printing method
developed, back in 1986 in the form of stereolithography (SLA)’. Nevertheless, its biomedical
utility®®, and in particular, expansion into bioprinting, ie., 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 significant
advancements across all aspects, through hardware optimizations to biomaterial designs and
downstream applications. 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)!'?, multi-photon polymerization
lithography (MPL; oftentimes adopting the two-photon mechanism, or TPL)'*!3, digital light
processing (DLP)!!12_ and volumetric bioprinting, also termed volumetric additive manufacturing
(VAM)'*16_ Despite these variations, a common feature of light-based vat-polymerization
bioprinting methods is that they all rely on patterned light-dose distributions to initiate localized
chemical reactions of photoactivatable bioresins. As the bioresins react in response to light, this
results in the formation of desired structures in two-dimensions (2D) and in 3D volumes. While in
most scenarios such chemical reactions are in the additive manner (i.e., 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 a thorough understanding of light-based vat-polymerization
bioprinting, which forms a complementary 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 hardware, 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 these limitations. We finally conclude with future
perspectives that involve discussions relating to integration of machine-learning and translations.

[H1] Experimentation

Light-based vat-polymerization bioprinting, compared to extrusion bioprinting'®, generally
provides improved controllability over structural complexity of the tissue constructs that can be
produced at a faster fabrication rate and higher resolutions, although the specifications 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 it is TPL (used throughout the Primer given its
much broader usage than MPL), SLA, DLP, or VAM. It should be clarified that bioprinting by
definition is a specific subset of 3D printing, in that the former is described as 3D printing in the
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presence 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 employ the
terminologies bioresin and bioprinting, although in certain specific descriptions resin and printing
may also be used to indicate that cell-laden biofabrication has not yet been demonstrated.

[H2] Bioprinter selection and setup

Vat-polymerization bioprinters can be generally classified by their modes of operations, depending
on whether the light for photocrosslinking is projected in a single spot or as a plane, and if 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 repeating in the vertical direction for each layer to be produced
(Fig. 1a)'*%1"3_ A similar operation mode is adopted by the conventional SLA with single-photon
laser irradiation (Fig. 1b)’**%. The raster-scanning approach provides efficient photoreactions due
to the larger power densities enabled by the laser lights; however, the inherent larger power
densities result in a lower possible cell viability, and raster-scanning is usually a slow process
especially when large build volumes are necessary. On the other hand, instead of raster-scanning,
a single plane of light can be projected at once to enable simultaneous photocrosslinking of the
desired pattern in that layer, followed by layer-by-layer construction leading to the 3D bioprinted
structure. A representative modality of layer-by-layer projection-based bioprinting is DLP
bioprinting (Fig. 1¢)!!'>?¢, These DLP bioprinters use light-emitting diode (LED) arrays that
directly emit patterned light*’ via liquid-crystal display (LCD) screens that form digital masks in
front of the light source to achieve patterned light*®, or digital micromirror array devices (DMDs)
that reflect incident light to build patterns®*3!,

Spatial light-modulators like 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 anisotropic light dose distribution within the vat, so
that the cumulative light dose exceeds the polymerization threshold of the bioresin only in
correspondence to the geometry of the object to be bioprinted. Currently, VAM is performed either
utilizing a single light source projected onto a rotating vat (tomographic bioprinting) (Fig. 1d)**
35, multiple light sources delivered onto a static vat (holographic printing)'®, or systems in which
a movable light sheet intersects orthogonally with DLP projections 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, as well as the cost. Laser-enabled vat-polymerization
modalities such as TPL, SLA, and VAM that contain high-quality laser systems are generally
expensive in particular when multi-photon setups are needed, although resolutions are typically
higher than when non-coherent light sources are used (from tens of nanometers for TPL to tens of
micrometers for VAM). In comparison, DLP, as well as some VAM and SLA systems that use
either non-laser light or low-power lasers, are more cost-efficient despite the reduced resolutions
(50-100 pm range). Moreover, as the VAM process addresses the whole volume at once,
manufacturing can occur at much high rates (<20 seconds to generate cm?-sized constructs) than
most other vat-polymerization strategies'*.



[H2] 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 peripherals. As previously stated, vat-polymerization,
in its simplest form is the irradiation of light onto a photocurable bioresin; the light takes shape of
either a specified point emitted from a laser (in the case of TPL and SLA), or a complete plane of
image emitted from a projection device (in the case of DLP and VAM)®%3¢37 Therefore, the main
objectives are to produce, display, and monitor these images/points in such a way that accurately
reproduces the desired model. For the purpose of this section, software considerations will be
summarized without taking into account the influences exerted by the bioresin selection, bioresin
kinematics, and other bioresin-dependent factors. In addition, for computer-aided design (CAD)
software, the reader is referred to the Primer on extrusion bioprinting'®.

[H3] Voxels

Voxels, also referred to as 3D pixels, and their applicability to 3D printing has been explored in
great lengths due 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 concept that allows to factor in the limitations
presented by the hardware into the software. As an example, if the light source is coming from a
DMD device with a resolution of 1920x1080 pixels, then the voxel map typically cannot have
more than 1920 and 1080 voxels in the X and Y directions, respectively, unless specialized
hardware is employed to allow the movement of the DMD-generated photomask in the XY plane*.
The same principle applies to other light sources (as is the case for TPL, SLA, and VAM) where
the resolution of the light is taken as the dimension of the voxel. Voxels can be assigned complex
geometries, such as spheres, but for the purpose of vat-polymerization bioprinting it is assumed
that an individual voxel is usually given a cubic structure with a unitary value (i.e., high or low)*’.
Several open-source software alternatives are available for voxelization in different programming
languages, listed in Table 1.

[H3] Slicing algorithms

Once the 3D pixel map has been generated (i.e., the input data has been voxelized), the next step
is to transform the set of voxels into a technique-specific output by applying a technique-specific
slicing algorithm (Fig. S1). This is the crucial step that differentiates (from a software perspective)
vat-polymerization techniques. As an example, TPL, SLA, and DLP use a slicing algorithm
wherein a defined number of voxel layers are grouped along the Z-axis and assigned a weight
distribution to produce one image 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 freeform bioprinting, where 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 analyzed in Table S1.



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’®33, New tomographic bioprinting slicing approaches to improve resolution have been
developed wherein the first step is to apply a correction mask (attenuation correction for example)
and from there the same steps are followed®. It is worth 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 from tomography-based VAM
techniques.

[H3] Synchronization

Once the desired output is obtained, the next step is to ensure the synchronization of all the
different components; the most common being the control of a light source and a motor, dictated
by the technique employed and the available hardware. For DLP and VAM, since 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 of the light source; as an example, the tilt angle of a
mirror is precisely controlled to direct the laser to specific points**. Trigger signals are also needed
to specify the duration of light exposure. The light control for these techniques must be
synchronized with a 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 run in parallel light and motor to improve print speed***. Other
techniques such as tomographic bioprinting have a continuous rotating motor wherein the
synchronization is defined by the speed at which the motor rotates and the refresh rate of the
projected images®>**. As previously discussed, the synchronization that occurs in xolography!®,
though a sub-class of VAM, is more closely related (from a software perspective) to that of
continuous liquid interface production (CLIP)*’ than other volumetric printing methods. Lastly,
other peripherals can be added to the bioprinting system, such as sensors and monitoring systems'®,
additional light-sources (dual-color)*, as well as a temperature-controlled vat*.

[H2] Bioresins

A broad range of synthetic monomer chemistries and functionalized biomacromolecules have been
used in vat polymerization-based bioprinting (Box 1)°°. As with other strategies for 3D bioprinting,
critical functional requirements must be satisfied by prospective bioresins regarding print stability,
cytocompatibility, and bioactivity!®>!. However, emerging interests include incorporation of
adaptable linkers and/or responsive groups to endow sophisticated 3D structures with more
dynamic behaviors (e.g., mechanical transitions relevant to the native cellular microenvironment>?)
without compromising desired resolution and print speed.

[H3] General considerations on printable materials



Photopolymerization-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 processing method. For example, SLA and DLP use low-viscosity bioresins,
while TPL/VAM in general requires 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 significantly more viscous
even at low weight percent (<5%) compared to the relatively low-molecular weight synthetic
macromers typically used in vat polymerization. Upon polymerization, user-specified material
properties are highly application-, tissue-, and context-dependent™, and can be further tailored
with light-based crosslinking to construct gradients or other spatial variations in parameters such
as stiffness, porosity, and the concentration of network-tethered biomolecules®%. Moreover,
some newer types of bioresins are nano- or micro-composites, incorporating particulate matter
within an interstitial matrix®%>%-%!, These systems have integrated diverse materials, from inorganic
or metallic (e.g., silica, graphene, nanohydroxyapatite, gold, strontium carbonate) to polymeric
(e.g., chitosan, cellulose, silk, S-lactoglobulin, microgels, 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 presence of cells. Collectively, these techniques can be used to imbue vat-polymerized
biomaterials with nuanced patterning of structure, mechanics, composition, and stimuli-
responsiveness.

[H3] Crosslinking chemistry and green strength

Cytocompatibility of the network-forming reaction dictates the success of vat polymerization-
based bioprinting applications. As a result, vat bioresins are typically formulated with
poly(ethylene glycol), gelatin, or hyaluronic acid macromers (macromolecular monomers)
modified with a variety of reactive groups. For more detailed discussion of specific formulations,
we refer the reader to other in-depth reviews regarding photocrosslinkable bioresins!?22-36-37-5468,
Importantly, the kinetics of the bioresin crosslinking reactions must proceed at an adequate rate to
prevent undesirable sedimentation of cells (the latter being a relevant consideration only for
techniques in which the resin in a reversible gel state, like 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 thiols and norbornenes (step-growth
polymerization)®. Important distinctions exist between these crosslinking chemistries and
strategies for their photoinitiation. Typical bioresin photopolymerizations use 365-nm or visible
light (including 405 nm) and water-soluble radical initiators, although specific initiation conditions
vary by application and light source. Regardless, the concentration of radicals, cumulative light
dose, and incident photon energy must be restricted to a cytocompatible range. Type I
photoinitiators (e.g., Irgacure 2959, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP))
undergo homolytic cleavage when irradiated, generating radicals; in contrast, excited type II
photoinitiators (e.g., eosin Y, tris(2,2’-bipyridyl)ruthenium (II) chloride) do not fragment but
rather produce radicals by hydrogen abstraction or electron transfer with co-initiating molecules®,
rendering these slower and less efficient due to competing reactions. However, co-initiation by
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ruthenium and sodium persulfate (Ru/SPS) and visible light has been shown to result in improved
cure depths compared to near-UV or visible-light-sensitive Type I initiators’’,

Chain polymerizations reach the gel point at low conversions (<2%), but are sensitive to
oxygen-inhibition, oftentimes 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’'’2. These step-growth
polymerizations require higher conversion to reach the gel point but are more oxygen-tolerant than
chain polymerizations, rendering them very efficient. Moreover, thiol-reactive chemistries
simplify network functionalization with biomolecules, as alkenes (e.g., norbornene) readily form
thioether bonds with cysteine thiyl radicals. Other bio-orthogonal and initiator-free photoclickable,
as well as some 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’*”>. Recently, photooxidative tyrosine dimerization by Ru/SPS and visible light
has been shown to be a highly cytocompatible and capable of crosslinking native tyrosine residues
in decellularized extracellular matrix’®, fibrin’’, gelatin’®”, and silk’®*°, forgoing the need for
macromer functionalization. Mixed-mode radical polymerizations (e.g., thiol-acryloyl
polymerization) have yet to be implemented in vat polymerization-based bioprinting, but this
chemistry provides distinct kinetics, mechanical properties, and degradation profiles as compared
to both step- and chain-growth polymerizations®!. Various photochemistries can also be
orthogonally and synergistically combined®. Next-generation tissue engineering research
necessitates facile synthesis and scalability of photopolymerizable 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 interpenetrating, 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 with long-term print fidelity®’-’.
Similarly, green strength, or initial post-printing strength, of vat-polymerized biomaterials is
important to consider and has been increased in DLP by inclusion of monomers containing ionic
or hydrogen bonding sites®®. Depending on post-printing reactivity (i.e., 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 (e.g., thiol-ene formulations) avoid post-curing steps, but
radical diffusion in such highly efficient systems can limit the resolution of bioprinted features.

[H3] 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 tens
to hundreds of times higher. This suggests that printing increasingly large 3D structures will
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mandate more efficiently absorbing initiation strategies and deeply penetrating wavelengths of
light due to intrinsic limitations imposed by optical thickness. Near-infrared (NIR)-responsive and
upconverting nanoparticles show promise for low-intensity, long-wavelength photoinitiation of
common chemistries in bioresin crosslinking”®*, although the cytocompatibility of these methods
has yet to be rigorously investigated. Combining photoinitiators with inhibitory molecules has
improved feature resolution for some vat polymerization applications, but also slows the overall
reaction rate?>°°. While 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 not be constructed without the TEMPO-mediated inhibition period”.

Photoabsorbers, which are usually non-reactive molecules containing chromophores that
absorb light in the same range as the initiator, are used in bioresins to reduce light penetration
depth, preventing over-curing and improving feature resolution. A broad range of photoabsorbers
have been applied in light-based vat-polymerization bioprinting modalities, including Ponceau 4R,
tartrazine, curcumin, and anthocyanin, as well as nanohydroxyapatite and gold and melanin
nanoparticles®®?’. In recent examples, “two-step” absorption has been demonstrated with various
mixtures of initiator, scavengers, and quenchers, wherein an intermediate electronic state between
a photoinitiator’s ground state and excited, radical-forming state is accessed in the one-photon
pathway, overcoming restrictions of two-photon absorption in 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 shown to limit light
scattering, which has alternatively been corrected for by continuous gradients in light dose**%%.
Finally, optical properties have been directly tuned to account for scattering in cell-laden bioresins
using refractive index-matching compounds like iodixanol***°. 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-laden bioprinted structures. Thus, high-
molecular weight photopolymerizable precursors or additives such as Percoll (colloidal silica)
have been used to alter bioresin viscosity and reduce cell sedimentation?>>*!1°!and a buoyancy-
assisted DLP system was developed to afford continuous-injection liquid interface polymerization
and avoid layering artifacts and cell settling during bioprinting!®?. Additionally, diffusion of
reactive oligomers in liquid bioresins occurs on length scales that are significant compared to
feature sizes in DLP, creating conflicts when optimizing viscosity and extent of reaction!®. In
contrast, VAM can be extended to non-diffusive solid-state bioprinting for special bioresins, as
with macromers capable of both thermogelation 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 (e.g., via inclusion
of absorbers or inhibitors).

[H3] 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 photocleavable moieties, such as nitrobenzyl,
among others'%1%7. However, the strong absorbance of intrinsically photodegradable functional
groups limits the maximum thickness of bioresins incorporating these chemistries, but certain
strategies have exploited photoinitiation to induce degradation. For example, allyl sulfides and
disulfides have limited intrinsic absorbance, but participate in bond scission cascades amplified 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 photocleavable units have yet to be widely incorporated into bioresins for vat
polymerization, other sacrificial (e.g., hydrolytically degradable, enzyme-cleavable, thermo-
reversible) or phase-separating components can be introduced for production of high-fidelity and
intrinsically porous or vascularized 3D biomaterials®®-¢7-114-116_Ultimately, light-based crosslinking
of bioresins makes the fabrication of microscopically complex synthetic 3D tissues possible, with
a variety of possible formulations to optimize print fidelity and enable versatile post-printing
modifications.

[H2] Variations in vat-polymerization bioprinting techniques
[H3] Bottom-up versus top-down configurations

In SLA and DLP bioprinting, since 3D structures are formed eventually through a layer-by-layer
method no matter if within each layer, the pattern is 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 construct up as a preceding layer is crosslinked, exposing the space between
the layer and the vat bottom with the liquid bioresin for patterning of the next layer (Fig. 1¢). Such
a configuration 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 properties of the bioresin in its
crosslinked state to ensure integrity during bioprinting process in combating the gravitational
force. This dilemma is 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
significant 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 preceding layer
and air to be patterned, causing unwanted reduction in printing fidelity.

[H3] Multi-material bioprinting

The ability to integrate multiple bioresins to introduce heterogeneity into bioprinted constructs is
always instrumental to the engineering of structurally and functionally relevant tissues. Unlike
nozzle-based or droplet-based bioprinting modalities, the unique requirement of successive
operations within a vat for vat-polymerization bioprinting, poses some limitations when one
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intends to achieve multi-material fabrication. To date, multi-material vat polymerization has been
achieved by several approaches®!!7!'8 One obvious solution is the use of multiple vats or similar
configurations in SLA or DLP bioprinting (Fig. 2b)!!*1?%; 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 process in a separate vat when switching back and forth.
Alternatively, a single vat can be used with manual injection and depletion of different
bioresins®®!?!, or adopting a centrifugation approach to aid the removal of the bioresin during
switching!?2. This set of methodologies are conceptually and instrumentally simple but is time-
consuming due to the numerous steps involved.

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 open vat, it is
possible to realize automated bioresin-exchange and washing procedures (Fig. 2¢)!?>!?*, greatly
improving the efficiency of multi-material bioprinting. When a microfluidic chaotic mixer is
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 microfluidic channels dynamically created and
integral to a printed construct to realize multi-material DLP fabrication*®. Despite that these multi-
material abilities are potentially transferrable to TPL or VAM, rare demonstrations have been
reported mostly due to the lack of moveable 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 multi-material bioprinting, despite that multi-material constructs having spatially
separated zones can still 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 taking advantage of the multi-wavelength
bioprinting. This method was originally shown for simple photopatterning'?’ then in DLP printing
(Fig. 2d)'?%!%, where photoinitiators activatable under different wavelengths coupled with
different photochemistries allowed crosslinking of specific components in a multi-component
bioresin vat, and was recently adapted for tomographic printing as well*®. Similarly, grayscale
fabrication using intensity-gradient photomasks is able to generate printed structures with
mechanical property heterogeneities'3%!3!,

[H3] Converged approaches

Each bioprinting technique has its own limitations, and thus there is a trend in 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'32. DLP
can also be integrated with e-jet printing to produce hybrid electronic devices'*?, or acoustic-
assisted printing to achieve necessary alignments across the layers'**!*6. Within vat-
polymerization bioprinting, both DLP'*” and tomographic printing'*® have been separately
combined with TPL to enable 3D printing of constructs with feature resolutions across multiple
scales, and tomographic printing has also been combined with melt electrowriting, to build fiber-

reinforced structures'>’.

[H1] Results
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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 as light dose, print speed, or layer
thickness depending on the used bioprinting 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 printability parameters, resolutions,
and biological functioning and maturation of the bioprinted constructs are discussed.

[H2] Printability assessment
[H3] Light-dose response and working curve generation

In all light-based vat-polymerization techniques, the printability and resolution are intimately
dependent on the kinetics of the photocrosslinking reaction, and therefore unique for each bioresin
formulation®”. A key parameter to be optimized and enabling printability is the amount of light
energy (dose) that is supplied to each voxel. Too low doses lead to insufficient crosslinking and
failure to develop the smallest feature sizes, while too high doses can lead to over-crosslinking,
and loss of resolution due to off-target polymerization''*!4?_In the context of SLA/DLP, therefore,
a first step is to assess the relation between different irradiation conditions and the spatial
propagation of the polymer crosslinking within the bioresin vat, a relation estimated by the
working curve for the given photopolymer. A simple method to establish the SLA/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 the bioresin (curing depth, Cq), causing the
crosslinking of a thicker structure. After irradiation the uncured bioresin is washed off. Depending
on the stiffness of the resulting hydrogel constructs, and on how close to each other these have
been crosslinked, their thickness can be measured with a caliper, a profilometer, a micrometer, or
from microscopy images, and then recorded to create a light energy versus thickness plot (Fig.
3b). The working curve is then defined by the following equation, where D, indicates the light
penetration depth, and E. the minimum energy needed to crosslink the photopolymer:

Ci,=D, - In—
d nE

c
This information is crucial to select the photoexposure condition 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 due 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 a layer onto the
previous one, exposure time should be slightly increased above what is identified according to the

p
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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-free, and in principle all the parts of the object are
crosslinked at once and near-simultaneously, a key parameter governing printability is the
threshold energy needed to initiate photocrosslinking, which can also be detected with a dose test,
similar to those classically used in TPL optimization'**. Typically, an array of disk-shaped spots
is projected across the build volume, in which a static, 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 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 at least 37% of the incoming light intensity reaching
the opposite edge of the vat'*?. Thus, rather than measuring the Cq, the lowest dose required to
obtain a crosslinked disk that bridges the entire thickness of the cuvette is recorded as needed to
ensure printability®’.

[H3] Resolution assessment

Resolution in light-based vat-polymerization directly 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 (e.g., size of the laser spot or of the pixels on the DMD), the
light dose distribution inside and outside the voxel of interest, and the mobility and diffusion of
the reactive species triggering the crosslinking!'?. Resolution also differs depending on the axis
along which it is measured in the produced object (i.e., longitudinal or orthogonal to the direction
of projection of the light), and if the measurement refers to positive features (e.g., spikes, tips,
pillars) or negative features (e.g., channels, pores, 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 half the light energy only the largest ones will form but 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 size, 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
overhangs and pores oriented along the XY plane, since if the Cq is longer than the layer height,
pores in adjacent layers will be clogged by partly 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, since each layer is 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 be printed can also reveal a clear
layering pattern that depends on the layer thickness (Fig. 4b). While this printing artefact could
also be exploited to introduce roughness useful for aligning cultured cells via contact guidance,

13



continuous bioprinting approaches, such as CLIP and xolography can be used to minimize their
appearance'*.

In tomographic bioprinting, the planar axis, which is perpendicular to the light direction, 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 center 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 center of the
printed object the effective pixel size increases proportionally to the divergence of the illumination
beam. The etendue of the illumination source and the accuracy of the volumetric dose
reconstruction leads to decrease in resolution, which can be limited by using illumination source
with a low etendue'®. In addition, 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 object below 10 um'*#’, an effect that can be even
negated by the use thermoreversible gelling materials such as gelatin. Moreover, highly viscous
resins also limit the diffusion of the radical species outside of the voxels of interest**. Resolution
assessment is performed by printing the object with positive and negative features (Fig. 4¢), which
can then be analyzed with microscopy>*. To facilitate visualization of small negative features and
improve their imaging contrast, 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).

[H3] Metrology, image-reconstruction, and imaging techniques for characterizations

An initial printability assessment during the printing process is done using a monitoring camera.
After the sample is printed it can be inspected visually and using simple stereomicroscopy. For a
more precise analysis microcomputed tomography (uCT) can be performed to reproduce full
sample architecture. Alternatively, printed objects can be scanned in 3D with resolutions down to
0.01 mm or imaged using a lightsheet microscope, confocal microscope or a fluorescent
microscope equipped with computation clearing. The imaged 3D object can be reconstructed using
microscope specific software such as LAS X (Leica) or ZEN (Zeiss) or open-source software like
Imagel or nRecon and after correction of light distortion in the z-dimension the image can be
reconstructed in 3D. For specific analysis, the reconstructed sample morphology can be compared
to the original 3D model of the object using Imagel plugins or specified software such as
Cloudcompare. These software tools compare the STL file of the model to that 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 via 4CT and the original
STL files®.

[H3] Cellular assessment

The bioprinted constructs can be stored, cultured, and analyzed similarly to cell-laden
photocurable hydrogels, which are frequently used as 3D culture systems'!. In contrast to
extrusion-based bioprinting'®, light-based vat-polymerization bioprinting techniques are nozzle-
free, and do not impose 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
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generation common to many photochemistries used in vat polymerization, may rise concerns
regarding potential cell impairment, and therefore assessments evaluating the presence of absence
of DNA damage or oxidative stress can be beneficial'>2. It should also be noted that previous
literature has extensively reported safe photoexposure windows of parameters in which no lasting
cell impairment is found even with 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 capacity 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, e.g., measuring the electrophysiology in stem cell-derived neuronal cells'!?,
and ability of ammonium-elimination from perfusate for liver organoids®*.

[H1] 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.

[H2] Point-by-point scanning

Two-photon irradiation can be exploited in multiple ways, from polymerizing 3D
scaffolds®>!1°6-15% and patterning them with bioactive molecules®>!%%-16%  to degrading them by
means of photocleavage reactions'%®!%+165 or ablation (Fig. 5a)!3%1%61¢7 However, due to the
limited build volume and long printing process, TPL has been so far largely limited to constructs
ranging from hundreds of micrometers to few millimetres?>'*®. This limits the ability of TPL to
target tissue- or organ-size, but it holds great promises for high-precision bioprinting of
microtissue models!33157:158.165.168,169.100.170-172 = 55 qyction of soft microstructured cell/drug
delivery systems (i.e., microneedle arrays or microrobots)!”>177 and the study of cell
mechanobiology!' 7!, Moreover, thanks to the intrinsic confocality of two-photon irradiation and
enhanced tissue penetration of NIR wavelengths, TPL has also been explored for printing in
vivo'®, and inside (synthetic) cells'®!.

[H2] Layer-by-layer projection

Projection-based lithography has been used with a variety of cell types, such as stem cells and their
derivative cell types®®®!13182  mesenchymal stem cells (MSCs)’"!33, adipose-derived stem
cells!®*135 endothelial cells>”->% 183186187 'myoblasts’”188, hepatic cells!®!”!, chondrocytes!'®?, and
tumor cells'®?, showing good biocompatibility (cell viability >70-80%), thus opening the way to
various tissue targets.

Of pivotal importance for the successful engineering of large tissue constructs, DLP has gained
particular interest for the generation of multiscale vasculature networks!''*!*+1%5_ This has been
elegantly demonstrated by the generation of 3D entangled vascular networks resembling alveolar
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topology (Fig. 5b-i)!*®. In vitro and in vivo studies confirmed the potential of this method to
generate large, vascularized tissues for regenerative medicine. This technology, acquired by 3D
Systems, has progressed toward full size lung constructs with micron-level capillaries and is
heading toward pre-clinical transplantation studies in collaboration with Lung Biotechnology PBC
(United Therapeutics)'’S. Also recently, the high-fluidity-photoresin approach was leveraged to
bioprint large, clinically-relevant-sized cell-laden hydrogels featuring vessel networks (Fig. Sb-
ii), thus maintaining high cell viability in the core of the construct thanks 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!3+1°2198 bone!”, corneal'®, glioblastoma®®, and liver?*!**%-like tissues as well as
acellular heart valves?®, bone implants?°*+2%, 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. Sb-iii)*!°. 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 programmable shape-morphing hydrogel constructs (four-dimensional (4D)
printing), thus making it possible to obtain complex 3D geometries and curvatures from relatively
simple prints?!>213,

Extracellular matrix (ECM) and cellular heterogeneity strongly contribute to the mechanical
and physiological functions of human tissues. Using a nitrobenzyl-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!®2!4 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, which is of particular
importance for large tissue constructs®’-66:67-114.116,

Overall, projection-based bioprinting offers an unprecedented opportunity to biofabricate
large, yet highly complex tissue architectures. However, to date high resolution has been generally
achieved with highly concentrated photoresins (typically >10% GelMA or PEGDA), thus resulting
in stiff constructs. Recently, a post-printing molecular cleavage approach was proposed to tune the
mechanical properties of the bioprinted constructs without affecting their structural complexity''3,
opening new avenues for DLP-based bioprinting of ultrasoft tissues (Fig. Sb-iv).

[H2] Volumetric approaches

Despite being in its infancy, tomographic printing has been already explored to generate vascular-
like constructs®®!4215 as well as bioprinting of cartilage->*, muscle-*3, liver-*#, and bone-like?"?
tissues (Fig. Sc¢). The rapid fabrication times and the absence of mechanical stresses imposed to
cells, can be particularly beneficial for applications in which fragile cellular structures (i.e.
epithelial organoids) are involved**. Contrary to SLA and DLP, tomographic bioprinting 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 mL!), if strategies that mitigate light scattering caused by intracellular
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organelles are not in place. In particular, low cell densities are less desirable as the biofabrication
field moves towards increasingly high-cell-density bioinks and bioresins (tens/hundreds of million
cells mL1)?'%. With current capabilities, tomographic bioprinting is a manufacturing method better
indicated to generate relatively low cell densities, centimeter-scale tissue constructs, free-form soft
robotics components and perfusable tissue models for organ-on-chip technology. Significant
advances for tomographic bioprinting competitiveness could result from the introduction of
multimaterial/multicellular printing strategies'?®, elimination or enabling to design self-focusing-
induced microporosity'**2!7_ and further improvement of positive and negative resolutions which
are to date generally equal or lower to SLA and DLP.

[H1] Reproducibility and data deposition

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

[H2] Bioresin considerations

Since 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 other hand, can be quite inconsistent in their reproducibility due to multiple reasons. One is
the nature of these biomaterials; since they are produced from natural tissues, depending on the
species and tissue type they are coming from, as well as their processing method, the raw,
unmodified biomaterials are already inconsistent in their properties made up of molecules of
varying molecular weights and molecular sequences or configurations, in particular with protein-
based biomaterials. Then, with further functionalization to endow these biomaterials with
photoactivatable moieties which involves 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  tris(2,2-
bipyridyl)dichlororuthenium(II) hexahydrate (Ru)/sodium persulfate (SPS)””-’®, enables efficient
formation of crosslinks through oxidizing aromatic residues such as those in tyrosine leading to
generation di-tyrosine bonds with adjacent tyrosine groups. Accordingly, protein biomaterials in
their unmodified form can be directly photocrosslinked as long as sufficient tyrosine groups are
present on their molecular chains, such as fibrin’’, gelatin’®, decellularized ECM (dECM)’®, and
silk’®8% among others.

Incorporation of cells poses another major factor contributing to reproducibility issues. Beyond
the cell-source variability that is universal to any biofabrication methods, the cell type and density
also matter in terms of determining bioresin performances due to the light-based production
procedures that are easily impacted by scattering and diffraction of incident light. A recent
publication indicated that by introducing cytocompatible refractive index-matching compounds
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such as iodixanol, VAM?>* or DLP*® bioprinting in the presence of high cell densities is possible
without significantly sacrificing the resolution. Another concern is the sedimentation of the cells
during the bioprinting 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 in these setups.

[H2] Other operational considerations

Although the effect of bioresin viscosity is not as strong as in some other bioprinting methods such
as extrusion (high viscosity values) and inkjet (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 above, can accommodate wider ranges of bioresins since both liquid and solid bioresins
can be used towards fabrication as long as the structures are anchored to the surface of the build
plate. For photodegradation TPL, in contrast, it has to start with solid bioresins given the fact that
the patterned freeform hollow structures need to be mechanically supported to avoid shape change.
For SLA and DLP bioprinting, the bioresins need to be in the liquid form, however a wide range
of bioresin viscosities can be used (10-5,000 mPa-s). It is important to note that parameters such
as ambient temperature could affect the reproducibility especially for temperature-sensitive
bioresins such as those based on gelatin. To this end, the utility of fish gelatin and its derivatives
shows advantages due to their lower responsiveness to temperature compared to porcine
counterpar‘[s1 14,

Bioprinter hardware and software further contribute to the reproducibility performance of vat-
polymerization platforms. Examples include control precision such as that for motor movements
in the x-y 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 are always limited when commercial bioprinters are
used. Unlike extrusion bioprinting, path planning may not aid much in vat-polymerization
bioprinting.

[H2] Reporting and data repositories

Not only the bioresin and procedure standardizations are lacking for vat-polymerization
bioprinting, but also the standardization in reporting is rarely considered by the community. In
Box 2, we list a collection of key reporting items that are instrumental to ensuring sufficient
information is included in an any given publication for others to be able to effectively reproduce
the results. Similarly, the databases for vat-polymerization bioprinting, or bioprinting in general,
are scarce. The 3D Printing Database is one such database dedicated to 3D printing and bioprinting
collectively, yet the number of parameter items is still very limited and does not classify by printing
or bioprinting modalities, which require distinct sets of reporting parameters for their operations
(see those necessary for extrusion bioprinting'®). An additional database is GitHub, a repository of
software and firmware version-control and collaboration platform including those for vat-
polymerization bioprinting. In general, a trend is that databases for open scientific and research
data-sharing are becoming increasing more common, with examples being Zenodo and Mendeley
Data, among others.

[H1] Limitations and optimizations
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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 applications in tissue fabrication (Table 1). In this section, some
major limitations of these vat-polymerization bioprinting techniques are discussed with potential
solutions to optimizations also suggested.

[H2] Combating the mechanical property-gravity balance in SLA/DLP bioprinting

As we discussed previously, SLA and DLP bioprinting can be divided into top-down and bottom-
up configurations. Although the former is not significantly influenced by gravitational force during
the 3D construction process since the platform is always immersed within the liquid bioresin, it is
plagued by surface tension problems as well as the significant waste of the bioresin. On the other
hand, the bottom-up approach uses the minimal bioresin possible, but since the upward-pulled
parts often are exposed to air out of the liquid bath, it is difficult to maintain integrity of the
bioprinted structures in particular when soft tissues need to be engineered. Several methodologies
have been proposed accordingly. In one example, a fluid support was utilized to introduce
buoyancy force in mitigating that caused by gravity, during the pulling steps'??. Alternatively, the
bioresins can be meticulously designed, such as using a multi-component bioresin of GeIMA and
HAMA, which enables stiff constructs to be created initially while the HAMA molecules are
subsequently selectively cleaved to return the mechanical properties back to those controlled by
the low-concentration GelMA '3,

[H2] Addressing limitations of reconstruction in tomographic bioprinting

Of all the techniques belonging to the family of vat-polymerization, tomographic bioprinting is
one of the most recent to date, and, albeit promising, it is still in its infancy. Further research efforts
are required to advance this technique. In terms of software and reconstruction algorithms, the
current versions are directly derived from processes commonly utilized in tomographic imaging,
where the filtering and back-projection steps produce a virtual image, rather than a physical object.
The Ram-Lab filter returns projections with both negative and positive values, the former of which
would require sending light capable of inhibiting the crosslinking reaction. While this concept has
been already demonstrated®'®, the practical implementation is not trivial, and current algorithms
circumvent this challenge by thresholding and setting the negative values to zero. As this results
in the accumulation of high undesired light doses in certain off-target regions of the design, in
some cases it could partly overcure thin features, therefore reducing the achievable resolution.
While algorithms including corrections to improve contrast between on- and off-target regions of
the vat are being successfully developed'***'°, further research in printing-dedicated tomographic
reconstructions is needed to maximize the resolution of tomographic bioprinting. This is also
especially relevant for the field of bioprinting, where the accuracy of the tomographic printing
process can be hampered by light scattering caused by cells, microparticles, and ECM aggregates.
Methods to adjust the refractive index of the bioresins with biocompatible index-matching
compounds, and to computationally minimize the effect of scattering via optimizing the filtered
tomographic back projections have already been successfully implemented>***.

[H2] Improving the speed and resolution of vat-polymerization bioprinting
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The various vat-polymerization techniques feature different bioprinting speeds, with tomographic
bioprinting being the fastest since the time needed for production does not necessarily scale with
the volume, while in DLP the speed is linearly related to the thickness of the construct and for SLA
and TPL the speed scales with the volume. Despite these differences, there are generally methods
to improve the bioprinting speed of each modality. In DLP for example, by building an oxygen-
containing “dead zone” into the bottom of the vat separating the patterned layers with the vat
surface, the continuous liquid interface approach enables fast creation of volumetric
structures*’146:197.220 The speed of DLP process may be further enhanced by embedding a bioresin-
immiscible fluid layer as the “dead layer”, which is further circulated to dissipate heat generated
from photopolymerization®*!. For SLA, the speed is aided by the light-sheet system???. A multi-
focus process that simultaneously generates and controls up to ten laser foci further enables parallel
nanofabrication through TPL?%; alternatively, multiple beams can be used to also expedite the
TPL procedure?*.

In terms of resolution, the performance is in the reverse order of the operational speed for the
modalities, i.e., TPL gives the highest resolutions (tens of nanometer-range) followed by SLA,
DLP, and VAM bioprinting techniques (micrometers to tens of micrometers) and resolution scales
can vary depending on the specific setups. Some broad strategies for resolution-enhancement
include the utilization of 8K/16K DMD or other projection systems as the light-pattern sources.
Other interesting methodologies can further increase the fabrication resolutions without hardware
upgrade. These methods include the synergy of two light sources, one photopolymerizes and the
other inhibits polymerization*’; volume shrinkage post-bioprinting?*>-**; as well as the integration
of feedback and correction algorithms into the software!4%2%%,

[H1] Outlook

In the last decade, light-based vat-polymerization bioprinting has gained traction within the fields
of bioprinting and tissue engineering. 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 both a powerful tool
for life science research and clinical applications.

First, we are excited about early work in intelligent bioprinting by integrating machine-learning
with light-based bioprinting. One of the limiting factors of the spatial resolution of light-based
polymerization, which is 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 (e.g., by adding
photoabsorbers); however, this is a tedious, time-intensive process and likely not to result in
optimal resolution for fine features. Recently, machine-learning using deep neural networks has
been shown to be capable of generating digital masks with a modified geometry and grayscale
values to produce a 3D-printed part of a preset specification with superior microscale resolution
as compared to trial-and-error optimization?*®*!. Going forward, continued development in
machine learning optimization of key properties of a bioprinted device or tissue such as the
resolution and mechanical properties, will eventually enable one to specify desired properties of a
bioprinted construct for any given arbitrary geometry and known printing solution composition. A
recent report showed a contrast-based focusing mechanism that could be automated for consistent
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single-digit microscale?*?. Automated focusing coupled with machine-learning optimization will

eventually enable a lay user to simply input their 3D image file and desired mechanical properties
and the bioprinting system will do the rest.

Further, there are currently no bioprinting solutions used in the clinic as the commercial use of
the technology is in the nascent stage. The United States 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, where practitioners use 3D scanners with 3D printers to fabricate a myriad of
patient-specific solutions ranging from crowns to surgical implants to mouthguards and
retainers>**?3°, The FDA has not produced guidance on combining human cells or tissue with 3D-
printed constructs in the clinic, let alone bioprinting. Light-based bioprinting has the greatest
potential of the bioprinting modalities to be incorporated in the clinical setting as it has the quickest
production process, does not induce mechanical stress on the cells, and is capable of providing the
highest resolution. Due to the complexity in optimization and need for consistent microscale
resolution to match injury-specific build specifications, automating the bioprinting process will be
anecessary leap to integrate it into the clinical setting. Additionally, clinicians will need to be able
to readily develop a bioprinted scaffold therapy based on a patient’s defect 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, a turnkey
ecosystem will have to be developed for a clinician to fabricate a patient-specific bioprinted
scaffold directly from a 3D medical image of a defect site. Alternatively, intravital bioprinting,
i.e., bioprinting directly at the site of injury or defect, has been reported using light-based vat-
polymerization techniques!'#%-2!!,
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Fig. 1 | Typical light-based vat-polymerization techniques. a | TPL that raster-scans two-photon
lasers to polymerize or deconstruct a bioresin for 3D bioprinting. b | SLA that raster-scans a single-
photon laser for 3D bioprinting. ¢ | DLP that projects a series 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.
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Fig. 2 | Variations in vat-polymerization techniques, taking DLP bioprinting as an example.

a | DLP bioprinting in the top-down configuration.

b | Multi-material DLP bioprinting using

multiple vats. ¢ | Multi-material DLP bioprinting using automated bioresin change through a

microfluidics-integrated vat.

wavelengths.

d | Heterogeneous-material DLP bioprinting using multiple
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Determining light-dose responses and working curves in light-based vat-

polymerization bioprinting. a | A simple method to establish the SLA/DLP working curves
consist of projecting an array of disks or squares onto the bioresin vat where each of those is
exposed to an increasing light dose. b | After crosslinking, the thicknesses of the bioresin layer are
measured and recorded to create a light energy versus thickness plot that can be used to construct
the working curves. ¢ | A dose test is performed to identify ideal light exposure parameters for
tomographic bioprinting, by projecting an array of disk-shaped spots within cuvette containing the
bioresin, with each spot corresponding to a varying light intensity and exposure time.
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1561
1562 Fig. 4. Resolution assessments in light-based vat-polymerization bioprinting. a | In point-by-

1563 point and layer-by-layer vat-polymerization, resolution is assessed by printing diagnostic models
1564 with small positive and negative features that range in size at light-exposure parameters in the
1565 optimal range of identified with the working curve. b | In SLA/DLP the printed structures can
1566 display a notable pixelated profile depending on the layer thickness. ¢ | Tomographic bioprinting
1567 enables fabrication of objects in a layerless fashion with the resolutions measurable through
1568 attainable negative and positive features. d | Measurement of the resolution of negative features
1569 can be facilitated by using fluorescent dyes; here a negative cone is filled with a dye, and the
1570 maximum attainable negative resolution is determined by measuring the tip dimensions of the
1571 cone.
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Fig. 5 | Examples of tissue engineered constructs. a | Point-by-point printing of vascular network
by means of TPL with HUVECs endothelialization (i). Two-photon-based ablation and
endothelialization of glomerulus-like vasculature (ii). Reproduced with permission from Ref.!®°.
Two-photon patterning of growth factors to guide axon outgrowth (ii1). Scale bars: 50 um.
Reproduced with permission from Ref.!®!. b | Layer-by-layer printing of entangled vasculature
networks (i). Scale bar: 1 mm. Reproduced with permission from Ref.!#6. Fast printing of large
constructs featuring perfusable channels (ii). Reproduced with permission from Ref.!’. Cellular
alignment in FLight-bioprinted constructs (iii). Scale bars: 20 um. Reproduced with permission
from Ref.2!°. Differentiation of C2C12 muscle cells in bioprinted constructs without (stiff gel, GH)
or with (soft gel, Hase) enzymatic digestion (iv). Reproduced with permission from Ref.!". ¢ |
High-fidelity tomographic printing of mouse pulmonary artery (i), bioprinting of MSC-laden
trabecular bone (i1) and C2C12 myoblast-laden complex model (iii). Scale bars: 5 mm/5 mm (i), 2
mm/500 um (ii), and 2 mm/200 pm (iii). Reproduced with permission from Refs 3383149,
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Box 1 | Typical bioresin formulations for light-based vat-polymerization bioprinting.

Hydrogel network materials

Poly(ethylene glycol)-diacrylate

Pluronic-F127

Poly(vinyl alcohol)

Hyperbranched polyglycerol

Decellularized extracellular matrix and derivatives
Gelatin and derivatives

Hyaluronic acid and derivatives

Collagen and derivatives

Silk and derivatives

Alginate and derivatives

Photocrosslinking chemistries

Acrylate/methacrylate chain polymerization

Thiol-ene and thiol-yne step-growth polymerization

Photooxidative tyrosine-dimerization

Initiator-free photoligation (e.g., coumarin dimerization, diazonium photolysis)
Photoclick network conjugation of guest-host crosslinks

Small molecules & additives

Photoinitiators (e.g., 12959, LAP, Eosin Y, Ru/SPS, upconverting nanoparticles)
Absorbers (e.g., to limit light penetration or scattering)

Inhibitors (e.g., scavengers, quenchers)

Refractive index-modifiers (e.g., iodixanol)

Nanocomposite components (e.g., graphene, silica)

Special considerations

Ionic, hydrogen bonding, or thermoresponsive components
Dynamic, responsive, or degradable macromers or crosslinkers
Photocaged reactive groups

Simultaneous preparation of interpenetrating networks

Multi-material approaches (bioresin switching, overprinting, bioresin orthogonality, efc.)

Computed light dose gradient for scattering correction
Post-printing cell-material interactions (e.g., network-softening or contraction)

Box 2. Recommended key parameters of light-based vat-polymerization bioprinting that
should be reported to maximize reproducibility.

Bioresins (biomaterials)

Type of biomaterial
Origin of biomaterial
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Biomaterial concentration

Catalog or lot number of biomaterial if commercially sourced

Procedures for synthesis, derivation or modification of biomaterials if manufactured in-
house

Pertinent information regarding photoinitiators

Bioresins (cells)

Type of cell or cells

Catalog or lot number of cells

Cell culture medium and conditions

Passage number

Cell density

Procedures for isolation, modification, or differentiation of cells if applicable

Bioprinter hardware and software

Type/model

Sub-type

Bioresin/vat temperature

Specifics for DiY or modification if applicable

Bioprinting procedure

Raster-scanning step size (TPL/SLA) or projection pixel size (DLP/ VAM)
Raster-scanning speed (TPL/SLA), layer projection time (DLP), or vat rotation speed
(VAM)

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

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

Ambient temperature if different than that of bioresin/vat

Other photocrosslinking or photodegradation parameters, including laser/light output
power density and wavelength used. If multiple procedures are used (such as in multi-
material), specific information of each procedure

Post-bioprinting

Tissue culture conditions

Maturation conditions

Specifics on culture medium, culture container, and other culture conditions

Type and specifics of the maturation methods if applicable (e.g., flow, biomechanical,
bioelectrical)
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Table 1 | Key performance indicators for vat-polymerization bioprinting techniques. The
data refer to prints with cells but not acellular constructs.

Bioprinting Minimum feature Bioresin Time to build 1-
. . . . Modulus range 3

technique size Viscosity cm” constructs

Extrusion ~100 um?% 0.005-100 Pa s%*7 1-200 kPa?38:2% Minutes—hours

TPL 2-8 um!5716! >10 Pa s?% 0.1-140 kPa!4324! Hours

SLA 5-10 pm?42:243 0.25-10 Pa s%’ 2-20 kPa'46:244 Minutes—hours

DLP 10-50 pm3%114 0.25-10 Pa s%’ 1-180 kPa!!3!14 Minutes

VAM ~40 pm33 >10 Pa s¥’ 0.4-25 kPa**83 Seconds
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Fig. S1 | Illustrations of the different digital model slicing algorithms in vat-polymerization
bioprinting. a | Point-by-point method (SLA/TPL). b | Layer-by-layer method (DLP). ¢ |

Volumetric method (VAM).
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Table S1 | Examples of software options for the different steps of the vat-polymerization 3D

bioprinting process.

Software

General ability and use purpose

Voxelizer

3D voxelizer

MATLAB

Open-source (MATLAB license required)
OB files supported as input

Resolution can be adjusted

cuda_voxelizer

C+

Open-source

Several file formats supported as input including STL and OBJ
OBJ files supported as output

Utilizes GPU instead of CPU

FastVoxel

C/C++

Open source

PLY files supported as input

Easily installed with a Python script
Resolution can be adjusted

Mesh voxelisation

MATLAB

Open-source (MATLAB license required)

Several file formats supported as input; including STL
Several file formats supported as output

Resolution can be adjusted

obj2voxel

C++

Open-source

STL or OBJ files supported as input

Several file formats supported as output including PLY
Resolution can be adjusted

polydata_to_imagedata

Python

Open-source

STL or PLY files supported as input
VTI files supported as output
Resolution can be modified

PyVoxelizer

Python

Open-source

STL, OBJ, and MTL files supported as input
Resolution can be adjusted

stl-to-voxel

Python

Open-source

STL files supported as input

Several file formats supported as output; PNG, XYZ, and SVX
Color voxelization (output) possible

Resolution can be adjusted

Voxelization

Python

Built-in function of the NURBS-Python library
OBJ files supported as input

Resolution can be adjusted

voxelization _and sdf

C++

Open-source

PLY files supported as input

Color voxelization (input and output) possible
Resolution can be adjusted

C++
Open-source

voxelizer STL and OBJ files supported as input
XML files supported as output
Resolution can be adjusted
C/C++

voxelizer Open-source

OBJ files supported as input
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https://www.mathworks.com/matlabcentral/fileexchange/21044-3d-voxelizer
https://github.com/KernelA/cuda_voxelizer
https://github.com/nicolas-f/FastVoxel
https://www.mathworks.com/matlabcentral/fileexchange/27390-mesh-voxelisation
https://github.com/Eisenwave/obj2voxel
https://github.com/tfmoraes/polydata_to_imagedata
https://github.com/p-hofmann/PyVoxelizer
https://github.com/cpederkoff/stl-to-voxel
https://nurbs-python.readthedocs.io/en/5.x/module_voxelize.html
https://github.com/rFalque/voxelization_and_sdf
https://github.com/3DStuff/voxelizer
https://github.com/karimnaaji/voxelizer

Resolution can be adjusted

Voxelizer

C+

Open-source

STL, PLY, and 3DS files supported as input
Resolution can be adjusted

Voxelizer

JavaScript

Open-source

STL, OBJ, and gITF supported as inputs
XML files supported as output
Resolution can be adjusted

Slicing algorithm

BuildBee

DLP

Closed-source; license requires

Several file formats supported as input including STL and OBJ
Specific 3D printers supported

Advanced Ul and options

CAL-software

VAM

Open-source (MATLAB license required)
STL files supported as input

Slicing and host projection software
Advanced slicing algorithm implemented

Chitubox

SLA/DLP

Closed-source; free and license versions available

Several file formats supported as input including STL

Specific 3D printers supported; works in conjunction with custom firmware
Advanced Ul and options

Creation Workshop

DLP

Closed-source; free version

Designed to work as a host firmware

Several file formats supported as input including STL and OBJ
Interactive UL

DeScribe

TPP

Closed-source; license required

STL files supported as input

Specific 3D printer supported

GWL files supported as output

Advanced Ul and options with adaptive slicing

Formware 3D

SLA/DLP

Closed-source; license required

Several file formats supported as input including STL, OBJ, and PLY
Several file formats supported as output

Generic and specific 3D printers supported

Advanced Ul and options

hackathon-slicer

DLP

Open-source; JavaScript

STL files supported as input

PNG files supported as output

Interactive Ul and hosted version also available

Luminis

TPP

Closed-source; license required
Specific 3D printer supported
Integrated slicer and host controller
Advanced Ul and options

Lychee Slicer

SLA/DLP

Closed-source; free and license versions available
Specific 3D printers supported

Advanced Ul and options

monkeyprint

DLP

Open-source; Python

Designed to work as a host firmware
STL files supported as input
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http://dmorris.net/projects/voxelizer/
https://github.com/andstor/voxelizer
https://buildbee.com/resin-printer-slicer
https://github.com/computed-axial-lithography/CAL-software-Matlab/
https://www.chitubox.com/en/index
https://www.xayav.com/download
https://www.nanoscribe.com/
https://www.formware.co/slicer
https://github.com/formlabs/hackathon-slicer
https://www.microlight3d.com/technology/software
https://mango3d.io/lychee-slicer-for-sla-3d-printers/
https://github.com/robotsinthesun/monkeyprint

Interactive Ul

NanoDLP

SLA/DLP

Closed- and open-source versions available

Designed to work as a host firmware on a Raspberry Pi
Advanced Ul and options

Prusa Slicer

SLA/DLP

Open-source; C++

STL, OBJ, and AMF files supported as input
PNG files supported as output

Color slicing supported

Advanced Ul and options

Slic3r

SLA/DLP

Closed-source; free version

Ability to add custom C++ applications
SVG files supported as output
Interactive Ul

stl-to-voxel

DLP

Open-source; Python

STL files supported as input

PNG, XYZ, and SVX supported as output
Color slicing supported

THINK3D

TPP

Closed-source; license required

STL files supported as input

Specific 3D printer supported

Integrated slicer and host controller; real-time viewing/printing
Advanced UI and options

VAMToolbox

VAM

Open-source; Python

STL files supported as input

Slicing and host projection software
Advanced slicing algorithm implemented

Voxeldance Tango

DLP

Cloused-source; license required
Specific 3D printers supported
Advanced Ul and options

Z-suite

DLP

Closed-source; free version

Several file formats supported as input including STL and OBJ
Specific 3D printers supported

Advanced Ul and options

CAD, computer-aided design; Ul: user interface
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https://www.nanodlp.com/
https://github.com/prusa3d/PrusaSlicer/
https://slic3r.org/
https://github.com/cpederkoff/stl-to-voxel
https://www.upnano.at/software/
https://github.com/computed-axial-lithography/VAMToolbox
https://voxeldance.com/mobile/tango.html
https://zortrax.com/software/

