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Breaking the resolution limits of 3D bioprinting:
future opportunities and present challenges
Highlights
High-definition (HD) bioprinting enables
spatial resolution on a cellular and sub-
cellular level in 3D, allowing reproduction
of key features of the cellular microenvi-
ronment at a scale not achievable with
conventional bioprinting techniques,
and allowing control of material prop-
erties, geometry, and chemical and
physical properties of cell-containing
constructs.
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Bioprinting aims to produce 3D structures from which embedded cells can
receive mechanical and chemical stimuli that influence their behavior, direct
their organization and migration, and promote differentiation, in a similar way
to what happens within the native extracellular matrix. However, limited spatial
resolution has been a bottleneck for conventional 3D bioprinting approaches.
Reproducing fine features at the cellular scale, while maintaining a reasonable
printing volume, is necessary to enable the biofabrication of more complex
and functional tissue and organ models. In this opinion article we recount the
emergence of, and discuss the most promising, high-definition (HD) bioprinting
techniques to achieve this goal, discussing which obstacles remain to be over-
come, and which applications are envisioned in the tissue engineering field.
electrohydrodynamic technologies can
already achieve such resolution, and will
be increasingly applied to engineer dis-
ease models, organ-on-a-chip devices,
and implantable microscaffolds with
high complexity.

Standing challenges include preserving
microscale and submicroscale resolution
while enabling high-throughput and volu-
metric construct bioprinting, streamlined
multimaterial processing, and the devel-
opment of new functional (bio)inks and
(bio)resins.
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Engineering the 3D cellular microenvironment
In their native environment, cells receive and decode a broad variety of highly specialized signals
from the extracellular matrix (ECM) (see Glossary) and from neighboring cells, as well as a
range of soluble biochemical cues. The combination and spatiotemporal presentation of these
signals is intimately linked to cell behavior at all levels, and plays a key role, for instance, in
stem- and progenitor-cell differentiation [1], cell migration [2], and tissue and organ development
[1]. In particular, the ECM has been extensively demonstrated to steer cell and tissue function
during tissue morphogenesis and development, and tissue regeneration, as well as in degenera-
tive diseases and cancer, as cells sense local variations in mechanical properties, molecular
composition, and 3D (micro)architecture [3] (Figure 1). For example, it was recently demonstrated
that the composition of the hydrogel matrix – that mimics the mechanical properties and chemical
composition of the ECM– plays a decisive role in replicating morphogenic events allowing intes-
tinal organoid maturation in vitro [4]. Furthermore, creating ~30 μm wide regions of softer hydro-
gel next to an embedded intestinal stem-cell colony enabled precise control of its shape and the
formation of characteristic crypt-like buds [5]. Such spatiotemporal control of intestinal organoid
shape on a microscale gave rise to a characteristic distribution of cells (Figure 1B,C). Likewise,
inspired by the notion that cells align and accommodate their shape in agreement with the orien-
tation (or lack of thereof) of ECM fibrous structures in vivo [6], topographical elements and matrix
mechanical properties at the micro and submicron scales have been extensively studied in the
past two decades [7], resulting in the production of biomaterials and cell-laden constructs capa-
ble of giving directionality to tissue regeneration, mimicking the anisotropic architecture of tissues
(i.e., in skeletal and cardiac muscle) [8], and boosting stem-cell differentiation [9]. Phenotypic tran-
sition of fibroblasts to myoblasts is another important phenomenon associated with
mechanobiological mechanisms. A recent study demonstrated a predominant role for the direc-
tionality of the mechanical signals from the ECM rather than their intensity [10]. Cells interacted
with the surrounding collagen fibers to develop tension anisotropy in a two-way cell–ECM
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feedback. Only cell pretreatment with protrusion-inhibiting nocodazole led to significantly re-
duced collagen alignment (Figure 1F,G). Most often, these phenomena are investigated on
2.5D patterned surfaces, that is, surfaces with low aspect ratio features, or whose features are
in contact with only one side of the cell, produced using conventional replica molding and litho-
graphic techniques [11]. While these methods are highly versatile, allow high resolution (down
to hundreds of nanometers) and are compatible with high-throughput screening of broad arrays
of topographical features [12], they do not provide sufficient freedom for realizing arbitrary 3D
structures typical of native cell-laden environments.

3D bioprinting technologies, on the other hand, have increasingly gained relevance in the fields of
biomedical and tissue engineering, due to their ability to reproduce complex architectures, poten-
tially mimicking the arrangement of cells as well as structural features of biological tissues and or-
gans. As such, they hold the unique potential to shape the microenvironment into which the cells
are brought and to direct their fate. In this opinion article we underline the great potential of 3D
bioprinting as a tool to face this challenge, especially through its affirmation and further develop-
ment of HD-capable technologies. To do so, we provide here an overview of the recent progress
TrendsTrends inin BiotechnologyBiotechnology

Figure 1. Schematic overview of the potential of high-definition (HD) bioprinting for controlling cell fate. The decisive role of the 3D cell microenvironment can
be reproduced through the realization of topographical features and the presentation of physicochemical stimuli that elicit highly controlled biological responses. Relevant
examples from recent studies include: (A) cell alignment demonstrated in a cardiac muscle patch fabricated via multiphoton lithography (MPL) (scale bar: 20 μm) (adapted
with permission from [61]); (B,C) intestinal organoid with crypt-like buds and characteristic distribution of cells resulting from hydrogel patterning (scale bar: 30 μm) (adapted
with permission from [5]); (D,E) neural-progenitor-cell-loaded scaffold representing a complex spinal structure fabricated using DLP-like technology (scale bars: 500 μm
and 200 μm) (adapted with permission from [49]); (F,G) effect of pretreatment with nocodazole to inhibit cell protrusions that results in anisotropic collagen fiber
alignment (F) compared to an untreated control ((G) adapted with permission from [10]). The schematic on the right side of the figure represents typical extracellular
matrix (ECM) mimetic elements that can be reproduced via HD bioprinting (such as micro- and nano-pillars and fibers, among others), and that have in turn been
demonstrated to directly influence cell behavior, such as migration, differentiation, secretion of proregenerative or inflammatory molecules, alignment, and the formation
of ordered cell assemblies (i.e., as in capillary vessels, and neuronal networks, among others).

Trends in Biotechnology, May 2023, Vol. 41, No. 5 605

Image of Figure 1
https://twitter.com/RicLevato
CellPress logo


Trends in Biotechnology

Glossary
Bioink: a printable material, containing
living cells, that supports the growth of
the cells and the diffusion of nutrients. In
vat polymerization techniques these
materials are often referred to as
bioresins.
Digital light processing (DLP): a
layer-by-layer light-based 3D printing
technique, where each printed plane is
illuminated by a single projected image,
usually UV or visible wavelength range.
Electrowriting (EW): extrusion-based
3D printing technique in which a (sub)
microscale polymer jet is formed at the
tip of the extrusion nozzle by applying an
electric field across the nozzle and a
collector plate, resulting in printing
microscale fibers. Can be applied to
polymer melts as well as to cell-laden
hydrogels.
Extracellular matrix (ECM): the net-
work of macromolecules surrounding
cells, with a tissue-specific organization,
providing mechanical stability and stimuli
to the cells, and containing growth fac-
tors and bioactive molecules.
Extrusion bioprinting: a 3D printing
technique where a bioink is deposited
on a substrate by pushing it through a
nozzle (extrusion) following a
predetermined pattern.
Multiphoton lithography (MPL): a
femtosecond laser-based high-resolu-
tion 3D printing technique. The laser is
focused inside a transparent material,
and nonlinear multiphoton absorption
takes place only in the laser focal spot,
for example leading to material poly-
merization.
Organ-on-a-chip: an organ model
built and cultured in a microfluidic chip,
to automate tasks such as nutrient sup-
ply and to facilitate optical tissue
inspection.
Recombinant material: protein-
based synthetic material produced by
bacteria or yeasts that have been
genetically modified by recombinant
DNA techniques.
Stereolithography (SLA): a UV light-
based 3D printing technique in which
each printed layer is scanned line by line
by a laser spot.
Tension anisotropy: cells are subject
to tension anisotropy when forces
applied to their membrane and cyto-
skeleton are of different intensity in dif-
ferent directions.
Tomographic back-projections: a
set of discretized 1D projections gener-
ated using a Radon transform. When
in the field, discuss the most promising applications that will likely be enabled by HD bioprinting,
and highlight some relevant critical aspects that still need attention from the research and devel-
opment community.

HD bioprinting techniques to reach single-cell resolution
In the past decade, most of the advances focused on variations of extrusion-based techniques, in
which cell-laden hydrogel formulations (also termed bioinks) are plotted as filaments upon shear-
ing through a nozzle, in a layer-by-layer fashion to form 3D objects. In order to limit the shear
stresses imparted on cells, and therefore ensure their viability, extruded filaments typically have
diameters larger than ~100 μm, and are thus unable to resolve smaller features of the native
microenvironment. An exception is constituted by elements printed out of collagen in a support
bath, where generation of filaments down to 20–30 μm has been reported; these have been
used to produce hollow vessels, cardiac valves, and a neonatal-sized heart [13]. On the down-
side, printing fidelity for centimeter-sized structures is still not better than 500 μm.

HD bioprinting, in the context of tissue engineering and biofabrication, can be defined as the
capability to consistently produce 3D structures with feature sizes below 50 μm, using materials
containing cells. In this definition we include also techniques where the material is not deposited
line by line or layer by layer, but also those where 3D scanning is performed within a predeposited
volume. This includes crosslinking of part of the volume, but also other photochemical effects that
result in a density change in the matrix by creating or cleaving bonds in the backbone of the material.
Among the available HD bioprinting techniques,multiphoton lithography (MPL) displays the finest
resolution to date (<1 μm) that allows crosslinking or other structural modifications within transparent
cell-containing materials. Features smaller than the mammalian cell have recently been reproduced
via cell electrowriting (EW), which can deposit thin filaments (5 μm) of cell-containing hydrogels.
Other bioprinting techniques show a good potential to enter the HD domain, including vat
polymerization-based approaches such as digital light processing (DLP), stereolithography
(SLA), and volumetric (bio)printing (VP). These techniques are rapidly improving their resolutions,
respectively by decreasing the printed layer thickness, pixel size, or single line size, and by the devel-
opment of advanced tomographic reconstruction algorithms for improved contrast and more accu-
rate light dosage distribution. Finally, methods that allow manipulation and dispensing of minute
volumes (a few pl) of cell-laden materials, like laser-induced forward transfer and inkjet bioprinting,
are finding new strategies to print well-formed and mechanically stable high-aspect ratio structures,
to replicate their high resolution also in the vertical direction.

Light-based techniques such as SLA and DLP are gaining popularity in the bioprinting commu-
nity. Nevertheless, their resolution is usually still in the range of several tens of micrometers
[14,15]. This is in part because the lateral resolution is often limited by the photochemistry of
the crosslinking process rather than by the minimum laser spot or pixel size, while layer thickness
is inherently bound to the light penetration depth. For instance, researchers working with a
micrometer-resolution DLP found that, despite the theoretical optical capabilities of their setup,
good-quality features were obtained only from a lateral dimension of 100 μm and vertical dimen-
sion of 300 μm [16], while many authors reported a layer spacing of between 40 and 50 μm on
hydrogels [16–18]. In a recent work, Bhusal and colleagues showed lines of 15 μm thickness
(Figure 2A) using cell-free polyethylene glycol diacrylate (PEGDA) hydrogel [19], which is already
close to cell size. In general, DLP resolution is also a trade-off between the desired feature size
and the sample size, both bound to projector resolution and optics used. An interesting variation,
based on the combination of lightsheet excitation and DLP with a dual-color photoinitiator
system, could reduce the layer thickness and eliminate the need for layer deposition, reaching
25 μm horizontal and 50 μm vertical resolution in a cell-free resin [20].
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reprojected back along the direction in
which they were generated, they
summatively form the cross-section of
the object they were derived from (i.e.,
the discretized 2D solution for the
inverse Radon transform).
Volumetric (bio)printing (VP): a light-
based 3D printing technique in which a
3D light dose is delivered to a volume of
photoresponsive polymer, enabling
layerless, rapid printing of centimeter-
sized constructs. It is commonly per-
formed utilizing a spatially modulated
light source encoding visible light with
tomographic backprojections.
A new class of light-based VP techniques has shown potential as future HD bioprinting candi-
dates. The unprecedented speed, absence of layer-by-layer material deposition, scalability,
and high-volume capabilities (tens of cubic centimeters) provide multiple advantages rarely
found simultaneously with other techniques. 3D structuring is achieved by delivering an aniso-
tropic 3D visible light dosage distribution within a photocurable resin using filtered tomographic
back-projections [21,22]. This is of particular interest for biofabrication, where the absence of
any shear stresses is beneficial for cell viability. To date, VP has demonstrated feature sizes
down to ≈40 μm, and realization of cell-laden and even complex organoid-laden biomaterials
with >90% viability [23]. Current challenges regarding the maximum attainable resolution are
mainly due to intrinsic losses of reconstruction information, resulting from the back-projection
algorithms employed, diffusion of reactive species in the material during crosslinking, and
material-dependent fragility of the as-printed part. Minimizing optical attenuation, aberrations,
and scattering becomes crucial for accurate results. In cell-laden resins, where cells cause
scattering, techniques such as refractive index matching [22] and software-level corrections of
the tomographic projections [24] can be effectively employed. Such mitigation strategies are
still an active area of research.

Inkjet printing [25,26] and laser-induced forward transfer (LIFT) [27,28] are two patterning tech-
niques that exploit the deposition of small cell-containing material droplets. Despite the nominally
high lateral resolution, they generally struggle to produce thick and high-aspect-ratio structures
with the same precision, because the bioinks used are usually unable to (i) crosslink quickly
after deposition, and (ii) support multiple layers. A few strategies have been proposed to
overcome this issue, such as combining the inks with crosslinkers [29], or print at the surface
of a crosslinker bath [30].

Among the high-resolution techniques that were recently adopted by the biofabrication commu-
nity, EW of polymer melts of solutions, together with electrospinning, offers the possibility of
producing polymer structures by controlled deposition of thin fibers [31], even below 100 nm of
lateral resolution with special near-field setups [32]. EW has been applied also to water-rich
hydrogels [33,34], and recently it was demonstrated to print subcellular size fibers (≈5 μm) with
cell-laden hydrogel-based bioinks (cell EW, Figure 2B) [35].

Currently, the most widespread technique for high-resolution processing of biocompatible
materials, including cell-laden hydrogels, is MPL. It can work freely within a material volume,
achieving resolution down to <1 μm in 3D. However, it is inherently slower than DLP, since (like
SLA) it generally relies on scanning line by line the whole volume of interest. There have been
many examples of producing scaffolds for cell culture [12,36–38], building simple organ models
[39–41] (Figure 2D,F), and even in situ printing within living animals (rodents) [42]. Notably, be-
sides conventional polymerization, MPL enables photodegradation and cleaving of sacrificial moi-
eties [43], molecule grafting [44], and local densification of a partially crosslinked hydrogel matrix
[30] (Figure 2C,E).

Together, these techniques will eventually form a versatile toolbox, able to take bioprinting
capabilities to the cellular and subcellular scales; we refer to them in general as HD bioprinting
techniques. An overview of the aforementioned techniques plotting throughput versus resolution
is presented in Figure 3.

Research and clinical applications enabled by HD bioprinting
The convergence of high-resolution additive manufacturing approaches has recently accelerated
the development of progressively more complex and clinically relevant applications in bioprinting,
Trends in Biotechnology, May 2023, Vol. 41, No. 5 607
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Figure 2. Feature size of high-definition (HD) bioprinting techniques. HD bioprinting has been proposed to produce 3D features with size comparable to, or even
smaller than, the size of a single cell. (A) High-resolution polyethylene glycol diacrylate (PEGDA) hydrogel lines printed with the digital light processing (DLP) technique
(scale bar: 200 μm) (adapted with permission from [19]). (B) Comparison between extrusion-based bioprinted and electrowritten cell-laden gelatin-based hydrogel
single fibers (scale bar: 20 μm) (adapted with permission from [35]). (C) Locally two-photon densified lines in a partially ultraviolet-crosslinked gelatin-based hydrogel
shows cell alignment along the patterned features (bottom panel) and round cell shape far from them (top panel) (scale bars: 20 μm and 50 μm) (adapted with
permission from [30]). (D) Two-photon polymerized gelatin-based hydrogel with hollow channels of 30, 20, and 10 μm diameter. Left panel: 3D reconstruction of the
channel network; the yellow signal originates from a fluorescent dye perfusing the channels. Right panel: channels printed in adipose-stem-cell-laden hydrogel to
promote the invasion of endothelial cells from a spheroid (red fluorescent) (scale bar: 100 μm) (adapted with permission from [40]). (E) Adipose stem cells migrated from
a spheroid into loop channels cleaved around it, at different laser power (30–100 mW) (scale bar: 100 μm) (adapted with permission from [43]). (F) Patterned
neutravidin (dotted squares areas) promotes cell adhesion and enables bonding of bone morphogenetic protein-2 (BMP-2) that promotes Smad signaling (visible by
bright spots in the cell nuclei in the first two panels of the first row), compared to the control with cell medium (scale bar: 20 μm) (adapted with permission from [41]).
Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole.

Trends in Biotechnology

608 Trends in Biotechnology, May 2023, Vol. 41, No. 5

Image of Figure 2
CellPress logo


TrendsTrends inin BiotechnologyBiotechnology

Figure 3. Bioprinting techniques: throughput versus resolution. Throughput versus resolution plot for the bioprinting
techniques reviewed in this opinion article: digital light processing (DLP) and stereolithography (DLP/SLA), extrusion
bioprinting (EBP), electrowriting (EW), multiphoton lithography (MPL), and volumetric printing (VP). MPL and EW can
produce features the size of cells and smaller, controlling the microenvironment at the cell level, but are generally limited to
a few mm3/h at most. DLP/SLA, VP, and EBP can easily produce structures of several cm3, with minimal feature size
comparable to the diameters of capillaries, cell spheroids, or even blood vessels. Minimum feature size has been extracted
from papers cited in the manuscript indicating the experimental line or feature size. Printing throughput, when not directly
reported, has been calculated either as volume over printing time, or as line cross-section or lines spacing times linear
printing velocity. This could lead for some works to throughput estimations that are slightly off, but nevertheless they
should yield the correct order of magnitude, and are the only way to allow a comparison. It was not possible to obtain the
necessary data from the papers on inkjet printing. Studies involving cell encapsulation during the printing process are
denoted by a cell-shaped datapoint.

Trends in Biotechnology
with highly accurate spatial control. This is imperative to achieve the detailed microarchitectures
necessary for recapitulating – at least morphologically – the relevant physiology or anatomy in
question [4,45]. Compared to photolithography and replica-based techniques, which typically
generate 2.5 D geometries, HD bioprinting techniques produce fully 3D structures, providing a
better mimicry of tissue architectures. Notably, light-based technologies can produce structures
even across transparent tissue culture labware. Bioprinting directly within a microfluidic chip
becomes possible [39,40,46,47], hence allowing the constructs to be fabricated noninvasively,
avoiding sterility issues, and reducing the number of assembly steps. Faster development
cycles can be enabled by HD bioprinting in the domain of organ-on-a-chip, by producing in a
standard chip different internal 3D structures at each redesign and optimization step. Also, the
Trends in Biotechnology, May 2023, Vol. 41, No. 5 609
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biofabricated constructs can be manipulated in a contactless fashion at multiple time points,
adding time as a relevant parameter to mimic the evolution of biological processes [48]. At
present, as application fields or markets for HD bioprinting, we can envision the production of
organ-on-a-chip for basic/fundamental research, personalized drug testing and diagnostics,
and microstructured tissue engineering scaffolds for implantation.

Organ-on-a-chip platforms have been leveraged for the modeling of physiological and pathological
processes, even as complementary and potentially alternative platforms to animal experimentation.
They aim to recreate an organ’s elementary unit or portion (as depicted in Figure 4) in an observable
and controllable environment to better understand the underlying biological mechanisms, and
enable a faster drug development and testing cycle, within both academia and the pharmaceutical
industry [19,23,25]. HD bioprinting allows recreation of a highly organized heterogeneous
microenvironment with multiple cell types, where the fine features are produced directly instead
of relying on microfabricated molds; examples include the study of microvasculature using direct
embedding of cells via MPL [40], the creation of semipermeable barriers to mimic the placenta
[39], and the use of micro-SLA for an HD approach towards cell patterning to study soluble cell
TrendsTrends inin BiotechnologyBiotechnology

Figure 4. High-definition (HD) bioprinting targets. Schematic illustration of the range of locations that HD bioprinting can
target. These include elements with fine features and multiple tissues, both inside the human body for implants, and as
organs-on-a-chip.
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niche factors [41]. Inkjet printing has also been demonstrated for the bioprinting of a heart-on-a-
chip [25] to test hydrogel formulations in the context of cardiac tissue response to different
drugs. In the future, organ-on-a-chip devices could lead to point-of-care diagnostics and even
personalized in vitro drug testing, on clinically relevant models built with patient-specific cells.

Implantable microstructured tissue scaffolds are a key step towards functional tissue engineering
in those cases where it comes to resolving micro and submicron features of the native ECM.
Nerves and capillary alignment, for example, require not only sufficient resolution to print the
microscale features, but also the fidelity to avoid mismatch between grafted elements [49,50].
A few examples of microstructured tissue scaffolds for implantation have been demonstrated
through MPL, even though they could not be properly labeled as bioprinting, since cells were
seeded or invaded them after printing [36,37,50]. Intravital bioprinting using MPL has also been
demonstrated, in which a cell-laden hydrogel precursor is injected subcutaneously, and subse-
quently patterned and cross-linked to create a scaffold for cell growth directly inside a living
animal, leveraging the deep tissue penetration typical of the infrared light used in MPL [42]. At larger
scales, HD bioprinting techniques such as microscale continuous projection (based on DLP) have
been demonstrated to produce cell-laden scaffolds for central nervous system repair, with promising
in vivo results in rescuing spinal cord alignment and connectivity in a murine model [49].

Future directions: higher throughput and tailored bioinks
Alongside the benefits of resolving minute, cell-instructive microscale and nanoscale features,
upcoming challenges for future research include preserving such fine resolutionwhile contextually
enabling the fabrication of clinically relevant size (centimeter-scale) objects. This is especially
relevant, as high resolution is often associated with long fabrication timescales, and cell viability
could thus be impaired over lengthy fabrication processes. While in projection and scanning-
based techniques the trade-off between resolution and fabrication speed depends on the optics
used, in extrusion and droplet printing the fabrication speed is determined by the translation
system itself, usually much slower than an optical scanner due to its inertia.

The MPL community has been facing the throughput issue for years, and some recent advances
enabled the production of meso-scale objects while retaining microscopic features, trying to
increase the scanning speed, combine efficiently many fields of view, and adapting the shape
and the number of laser foci (Box 1).

The emergence of techniques that address the whole printing volume at once, such as volumetric
(bio)printing via tomographic and holographic approaches, can address this problem, as
they already allow extremely rapid fabrication rates, while needing to tackle the challenge of
approaching the resolution of (sub)micron-level features. Similar observations are valid also for
conventional layer-by-layer DLP printing. Primarily, this would require advances in the projection
technology; the currently widespread 1080p chips will be replaced by commercial 4K (4x) and
8K (16x) chips, and it can be envisioned that custom-made laboratory prototypes with higher
resolution could be produced. That will enable achieving a lateral feature size closer to the
diffraction limit, without sacrificing the part volume and printing time.

Besides tight geometrical control, another critical aspect is the combination of different materials;
conventional and commercially available extrusion bioprinting hardware can easily use many
printheads dispensing different bioinks, and cell EW could offer the same advantage. Vat poly-
merization techniques, which include DLP, VP, and MPL, may typically need multiple processing
steps involving washing off the current printing material and substituting it with the next one, a
very time-consuming operation. Elegant solutions involving microfluidic systems to exchange
Trends in Biotechnology, May 2023, Vol. 41, No. 5 611
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Box 1. Strategies to upscale MPL

MPL is the HD bioprinting technique that offers the highest resolution, but is significantly slower than other optics-based
bioprinting techniques such as DLP, SLA, and VP. This is due to the fact that printing smaller lines or voxels (i.e., volumetric
pixels, the smallest polymerized volume) implies the need for a much higher number of them to fill the same volume.
Researchers found different strategies tomitigate this issue, increasing the throughput without compromising on the resolution.

The combination and synchronization of galvanometric scanners and high-precision linear stages helps mitigate the
defects derived from stitching different fields of view, and allows more efficient scanning trajectories [62]. The use of
resonant scanners can further boost the scanning speed [63]; high scanning speed also requires the development of
efficient water-soluble photoinitiators with low cytotoxicity to be suitable for bioprinting [40].

Since the size of the focal spot influences the number of lines required to fill each layer, being able to modulate it depending
on the necessary resolution can greatly reduce the total fabrication time. Simply increasing the laser power dramatically
stretches voxels in the vertical direction; this effect can be refined with spatiotemporal focusing, producing almost spher-
ical voxels of tunable size [64]. A similar approach has recently been demonstrated to substantially boost the throughput
when processing specialized hydrogels in the presence of living cells [65].

For structures having periodical repeating patterns, multiple foci can be generated with a diffractive element to parallelize
the scanning of a structure; a static diffractive optical element is the most straightforward method when the pattern
symmetry is always constant [66], while a spatial light modulator can be used when the foci pattern has to be varied
dynamically during the fabrication [67].

Trends in Biotechnology

Outstanding questions
How much of a tight control is needed
on the microcellular environment to
drive successful tissue mimicry and
regeneration?

What is the lowest resolution limit we
should aim for?

Which new classes of materials could
further improve the realization of more
sophisticated organs-on-a-chip and
engineered grafts for regenerative
medicine?
and rapidly mix multiple (bio)resins [19,51,52], as well as multivat DLP stations, have recently
been proposed [53]. As these may still face limitations in terms of throughput and potential loss
of valuable cells and resins, further development towards new approaches to enable rapid
multimaterial processing in vat polymerization and HD bioprinting will be crucial in the future.

Particularly relevant for bioprinting, and not restricted to the HD aspect alone, is the topic of func-
tional materials. Hydrogels are often chosen for their chemical and mechanical resemblance to
the ECM, and many literature reports about synthesis and functionalization have been published
to obtain well-processable materials that fit the requirements of the various techniques in terms
of viscosity, biocompatibility, crosslinking speed, swelling, and degradability [34,35,43,54].
Processability and biocompatibility are necessary conditions for bioprinting, but they are not
the only properties that could be controlled in a biomaterial; specific molecules and motifs should
be added to the materials to elicit a response from the encapsulated cells. An interesting
approach is the use of recombinant materials that replicate the structure of natural proteins
such as elastin and collagen with high reproducibility, purity (and therefore improved safety),
and strongly reducing batch-to-batch variations. Being bioengineered proteins, these can be
custom-modified to include other functional components, for example arginine–glycine–aspartate
(RGD) peptides to increase cell adhesion [55–57], and photoactive moieties to be processed
through MPL [58]. Another strategy to improve biofunctionalization consists in the use of protein-
adhesive resins (by grafting binding domains, that is, via MPL or molecular imprinting methods)
that promote coating from specific biological molecules onto biofabricated scaffolds [59,60].

Concluding remarks and future perspectives
HD bioprinting is a growing family of techniques. Herein we have discussed the current limitations
and presented some possible strategies to overcome them.While this field is still in its infancy, the
publications and reports so far relate to studies on more elaborate, interconnected, and biologi-
cally representative structures. For example, the work on vascularization [40,46] and on artificial
barriers [39,45] will enable the study of larger size multitissue organoids.

Regenerative medicine can benefit from the HD bioprinting capability of building cell-laden scaf-
folds with cell-scale precision, to create implantable artificial tissues with cell guiding, stimulation,
612 Trends in Biotechnology, May 2023, Vol. 41, No. 5
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and differentiation induction properties. To do so, centimeter-scale printing volume while
maintaining fine features must be achieved, either by upscaling HD bioprinting techniques, or
improving the resolution of existing high-throughput ones.

With the currently available HD bioprinting systems, key advances in a relatively short time span
can be expected for organ-on-a-chip devices, in which the printing of more native-tissue mimetic
architectures (see Outstanding questions) could contribute to creating reliable humanized in vitro
models for pharmaceutical testing and precision medicine.
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