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ABSTRACT: Three-dimensional bioprinting uses additive manufacturing techniques for the
automated fabrication of hierarchically organized living constructs. The building blocks are g —Bicink
often hydrogel-based bioinks, which need to be printed into structures with high shape Rhedlogica Calls 3
fidelity to the intended computer-aided design. For optimal cell performance, relatively soft requirements ~— =
and printable inks are preferred, although these undergo significant deformation during the 4
printing process, which may impair shape fidelity. While the concept of good or poor _ , |
printability seems rather intuitive, its quantitative definition lacks consensus and depends on  characteri- | — | } Extrudability -
multiple rheological and chemical parameters of the ink. This review discusses qualitative and ~ zafon ~
quantitative methodologies to evaluate printability of bioinks for extrusion- and lithography- : fslg;ﬁs <
based bioprinting. The physicochemical parameters influencing shape fidelity are discussed,
together with their importance in establishing new models, predictive tools and printing :
methods that are deemed instrumental for the design of next-generation bioinks, and for VS. CAD
reproducible comparison of their structural performance.
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Figure 1. Terminology of cell-free and cell-containing hydrogel inks for bioprinting and the biofabrication window. (A) Distinction between
bioinks (cell laden) and biomaterial inks (cell free). In bioinks (left side), single cells, coated cells, and cell aggregates are intrinsic components of
the formulation in combination with microcarriers, embedded in microgels, in precursors or physical hydrogels. In biomaterial inks (right side),
cells are introduced within the 3D printed biomaterial scaffold, reducing the biological constraints on the inks. (A) Reproduced with permission
from ref 20. Copyright 2018 IOP publishing under CC BY 3.0 (https: //creativecommons.org/licenses/by/3.0/ ). (B) Schematic representation of
the biofabrication window, illustrating the relation between shape fidelity and polymer concentration, cross-linking density, and stiffness. While stiff
materials generally result in high shape fidelity, indicators of biological performance, such as cell proliferation, migration, and differentiation, are
commonly reduced in such highly cross-linked hydrogels. The traditional biofabrication window is the result of a compromise between these
opposing requirements. Novel approaches have been recently developed that expand the biofabrication window, enabling high shape fidelity even
when printing low stiffness materials, enhancing biological competency. (B) Reproduced with permission from ref 21. Copyright 2013 John Wiley

and Sons.

related to biofabrication in the last 10 years, with particular
focus on extrusion- or light-based bioprinting to generate
relatively large, centimeter-scale objects,”'*~"*
down to the 10 ym scale."”" Such ability to resolve microscale
teatures while still allowing rapid fabrication times, which can
be measured through a “resolution/time of manufacturing
(RTM)” ratio, is considered beneficial for a broad range of
tissue engineering applications.” With these techniques,
patient-specific constructs or implants that match the geo-
metrically complex and irregular shapes of the native tissue can
be readily produced from computer designs or medical images.
In addition, structures with convoluted and customizable
internal pore networks can be created, which can, for example,
be tuned in pore size and interconnectivity to facilitate nutrient
diffusion to sustain the embedded cells.

Extrusion-based 3D-bioprinting approaches encompass the
deposition of filaments (in literature sometimes also referred to
as strands'®"” or struts'®) of a printable cell-containing
formulation, which is loaded into a cartridge. Driven by
compressed air or a mechanical screw, the formulation or “ink”
is then pushed through a nozzle or needle, after which it is

deposited onto a building platform in a layer-by-layer
9,19

with resolutions

fashion.

Inks for biofabrication can be distinguished into bioinks and
biomaterial inks (Figure 1A).*° Bioinks contain living cells and
are mainly based on aqueous and hydrogel precursor
formulations in which the cells are dispersed. To provide a
suitable niche for cells to thrive, such hydrogels are typically
characterized by low elastic modulus and biochemical
composition compatible with cell-driven remodeling. On the
other hand, biomaterial inks do not contain living cells,
dictating less stringent physicochemical demands and thus
allowing for a much wider window of processing parameters,

e.g., higher temperatures and pressures and the presence of
organic solvents.

One of the enduring challenges associated with bioprinting
is the development of bioink formulations that fulfill the
physicochemical requirements for their application in AM, as
well as the biological requirements associated with the
processing of the embedded cells. To highlight this central
issue in the field, the “biofabrication window” concept was
introduced in 2013 (Figure 1B) by Malda et al,, illustrating the
dependency of shape fidelity and thus resolution to the
polymer concentration and cross-linking density in extrusion
bioprinting.”’

On the basis of studies investigating geometrically organized
constructs, it is generally accepted that proper control over the
resolution of the resulting printed structures are key for
achieving (biologically) functional tissues.”*” Therefore, it is of
crucial importance that the printed objects closely match the
original computer-designed object. However, to make bioinks
amenable to bioprinting, the environmental stimuli and forces
applied during printing and their impact on the viability and
biological performance of the embedded cells must be well
understood. This creates an additional layer of complexity in
comparison to the use of conventional material-only printing
techniques.

Therefore, this review first introduces extrusion-based
bioprinting, highlighting its specific bioink requirements.
Then, it summarizes and discusses the currently applied
methods for the assessment of printability, including the
analysis of extrudability, shape fidelity, and filament character-
ization, to aid the reader in the selection of methods to
evaluate the structural performance of novel bioinks. This is
followed by an overview of approaches to counteract the
specific forces and physical events that may potentially have
detrimental effects on shape fidelity in extrusion-based
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Figure 2. Extrusion-based bioprinting. (A) Schematic illustration of extrusion printing technique: pneumatic, piston, and extrusion driven printing.
Adapted with permission from ref 21. Copyright 2013 John Wiley and Sons. (B) Bottom up approach with layer-by-layer deposition of a bioink to
produce 3D scaffolds, including gelation (e.g., light, ionic, pH, temperature, host—guest interaction, enzymatic) between deposition of single layers.

printing. Further, lithography-based bioprinting techniques are
introduced, together with the implications of the concepts of
printability and shape fidelity in such nozzle-free approaches.
Overall, the importance of introducing novel, quantitative tests,
as well as the development of predictive models based on
rtheological and chemical parameters of the inks is also
discussed as a new toolkit in the design of the next generation

of bioinks.

2. EXTRUSION-BASED BIOPRINTING:
MANUFACTURING TECHNOLOGY AND
MATERIALS

2.1. Extrusion-Based Bioprinting

Extrusion-based bioprinting represents one of the most
commonly used techniques to fabricate relatively large tissue
constructs with high densities of cells.”>">° The working
principle of extrusion bioprinting is similar to that of polymer-
based fused deposition modeling (FDM) rapid prototyping
processes.” In FDM, the feed material is extruded through a
nozzle and the molten polymer is then shaped to its desired
geometry in a layer-by-layer fashion. Extrusion bioprinting
plots filaments of a hydrogel-based bioink and the imposed
shape is fixed upon cross-linking of the hydrogel precursor, for
example, via pH or temperature changes, ionic cross-linking,
photochemical reactions, enzymatic cross-linking, and guest—
host interactions (Figure 2B). Despite their great potential and
versatility, extrusion-based techniques use filaments as building
blocks, which complicates the creation of more complex,
convoluted architectures, especially when aiming to print
overhangs and out-of-plane features, the latter referring to
filaments not aligned along a single plane when printing

10852

following Cartesian coordinates, as previously described.”” For
a more detailed description of the extrusion-based bioprinting
process, we refer the reader to other excellent reviews in the
field.”***

Extrusion-based systems can be piston-, pneumatic-, or
screw-driven (Figure 2A). The screw-driven system is
particularly suitable for the extrusion of highly viscous
materials, e.g., with viscosities up to 10* Pa-s,”” and mainly
used for the printing of thermoplastic polymers, e.g, for
poly(e-caprolactone) (PCL). The cell-containing hydrogel can
either be cast within the printed thermoplastic structure or be
co-printed in a multitechnology fabrication process’ > to
yield structures with increased mechanical stability.*~*” For
printing materials with lower viscosities (<10” mPa-s)*®
compared to screw-driven extrusion, piston- or pneumatic-
based extrusion systems are typically used. Many commercial
bioprinter set ups are based on pneumatic dispensing, which is
highly versatile, but tend to provide lower control over the
deposition of inhomogeneous inks, such as certain particulate
composites and slurries.’”

To allow for the controlled deposition of a variety of inks,
such set ups are more often modular and equipped with
multiple printheads, cooling and heating systems, and light
sources to control gelation. However, rapid switching between
multiple cartridges is a necessity to effectively combine
different inks within a single construct, as well as to establish
interfaces and gradients of different materials and cell
types. 340

Although tool heads with accuracies in the x—y—z planes
ranging from 5 to 100 um are readily available, the actual
printing resolution of deposited structures is mainly dictated by
the ink and the nozzle diameter. In case of bioinks, the
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resolution is typically limited and in the range of hundred
micrometers to millimeters, as shear stresses at the dispenser
tip, which inversely correlate with the nozzle diameter, should
be minimized to prevent damage to the embedded cells.*' ~*°
In contrast, resolutions obtained with biomaterial inks are
much higher as these are not limited by such constraints, and
can be extruded through thinner microneedles with higher
pressures.

2.2. Materials and Cross-Linking Strategies for
Extrusion-Based Bioprinting

Hydrogel precursors with the ability to be extruded through a
small-sized nozzle and subsequently forming shape-stable gels
are suitable for extrusion-based printing. Natural hydrogels,
such as algin21te,42’47_SO agarose,51 collagen,54_56 gela-
tin,49'57_60 fibrin,*' decellularized extracellular matrix
(dECM),*' 7% hyaluronic acid (HA),** ™" or silk®*™"° have
been extensively used as bioink components due to their
structural similarities to the native ECM. Further, hydrogels
based on collagen,7l’72 gelatin,73’74 or fibrin”>7® possess
inherent signaling molecules that favor cell adhesion. However,
their mechanical properties are generally weak. In contrast,
synthetic materials, such as polyethylene glycol (PEG)”’ and
poloxamers,”® are often used due to their tunable mechanical
properties and lower batch-to-batch variability.””* These
materials lack bioactive molecules to promote cell adhesion
and migration, as well as enzyme-mediated degradation and
remodeling. This limitation can be overcome by functionaliza-
tion of the materials, for instance, with bioactive peptides.”' ~*
Both natural and synthetic materials have been modified with
functional groups to enable cross-linking and to stabilize the
extruded ink. For example, gelatin and HA have been modified
with methacrylate groups or other functional groups, such us
tyramine, norbornene, thiols, vinyl sulfone, or aldehyde.”**’
More in-depth discussions on the wide array of bioinks
available and on the design requirements for biomaterial inks
and bioinks are out of the scope for the current review, thus we
refer the reader to other excellent contributions to the
literature.”>%7%7=3

To prevent excessive shear stresses that can affect the
survival of cells during the printing process,””**** hydrogel-
based inks with shear-thinning properties are often used, as for
these materials the viscosity is reduced during extrusion.
Alternatively, solutions containing hydrogel precursors are
used, as these possess viscosities lower than the final hydrogel
after gelation. Pregels give rise to molecular networks based on
physical cross-linking due to the presence of ionic or hydrogen
bonds or due to hydrophobic interactions between the
polymer chains. For example, alginate-based formulations
have been used as bioinks with ionic cross-linking through
direct extrusion into a calcium solution. A low amount of
divalent ions can also be used to modulate the initial
viscoelastic properties of alginate-based bioinks.”> Physical
cross-linking based on hydrogen bonding or hydrophobic
interactions is often temperature dependent, therefore temper-
ature changes will affect the rheological behavior of the ink.”®
This is the case for inks based on methylcellulose,*””
gelatin,*>”® alginate,””'*” and Pluronic.'”"'** The use of
jammed gels, which are densely packed microgels, is also an
alternative approach to overcome the exposure of the cells to
excessive shear stresses during printing, as these form a
colloidal-like suspension.”'**'%*

Once the material exits the nozzle, it should retain the
imparted shape without deforming or flowing. To improve
homogeneous and stable filament extrusion, precross-linking
strategies can be employed to adjust the rheological properties
of the ink.'® This can be achieved in different ways, e.g.,
through enzyme-mediated cross-linking, guest—host interac-
tions or through physical mechanisms.”” The precross-linking
step is followed by a second cross-linking after printing. Both
cross-linking steps can be based on different chemistries and
mechanisms. For instance, shear-thinning hydrogel obtained
through supramolecular self-assembly mediated by guest—host
interactions between adamantane and p-cyclodextrin were
stabilized with a secondary cross-linking based on Michael
addition."*'%” For the stabilization of extruded filaments, one
of the most commonly used mechanisms is photoinduced
cross-linking. In this case, photoinitiators are added to the
bioink formulation. These molecules, upon exposure to light,
produce reactive species that trigger the polymerization
process.””'**~""> Most photo-cross-linkable systems rely on
ultraviolet A (UV-A) and visible light irradiation at wave-
lengths that do not directly cause significant DNA
damage.''”"'* These approaches make use of commonly
used photoinitiators and photosensitizers (e.g., Irgacure
2959,"'1¢ lithium ghenyl—2,4,6—trimethylbenzoylphosphi-
nate,"'**'” Eosin Y,"'® ruthenium/sodium persulfate,119 and
rose Bengal'*’). Photo-cross-linking in extrusion printing can
be applied after deposition of each layer or after completion of
the entire print, the latter requiring better shape retention of
the ink. However, in both cases, the complete prevention of
filament collapse still remains a challenge.''”"*'

Alternative cross-linking methods for a broad variety of
natural and synthetic hydrogels, involve the use of enzymes
such as sortase, transglutaminase, tyrosinase, lysil oxidase,
phosphatase, or peroxidase.'””'*> Horseradish peroxidase
(HRP) is widely used and requires the presence of hydrogen
peroxide (H,0,) for the oxidative coupling of phenol
derivatives."”* The HRP and H,0, concentrations dictate
the viscoelastic properties of the formed polymeric network
and rheological properties of the obtained ink.'”*'** For a
more detailed overview on the cross-linking mechanisms, we
also refer the reader to other notable reviews.””’'%?~1!112¢

3. RHEOLOGICAL FACTORS AFFECTING
PRINTABILITY AND SHAPE FIDELITY

Rheological properties are the physicochemical parameters
with the largest influence on hydrogels printability. Rheology
describes the deformation and flow of materials under the
influence of applied forces.'”” In 3D extrusion-based processes,
a bioink initially present in a bulk resting state, undergoes a
transition to a high shear condition while passing through the
nozzle, takes a new shape, and finally reaches a new resting
state. The key rheological properties describing these
transitions are viscosity, viscoelastic shear moduli, elastic
recovery, and shear stress.”®

Viscosity is the resistance of a fluid to flow under the
application of stress and has a great influence on both the print
fidelity and efliciency of cell encapsulation. Generally, higher
viscosities result in higher printing fidelity. However, high
viscosity also leads to increased shear stress, which can affect
the cells suspended in the bioink. The main factors
determining the viscosity of 7p01ymers in solution are molecular
weight and concentration.'”’” Viscosity is defined as the ratio of
the shear stress to the shear rate. Fluids showing a linear

https://dx.doi.org/10.1021/acs.chemrev.0c00084
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relationship between shear stress and shear rate are termed
Newtonian. Fluids exhibiting deviations from linearity, with
either decreasing or increasing ratios are defined non-
Newtonian. Non-Newtonian fluids can be classified into time-
independent (e.g., shear-thinning and shear thickening) and
time-dependent fluids (e.g., thixotropic or rheopectic).*”'**

3.1. Shear-Thinning

Shear-thinning is the most common type of time-independent
non-Newtonian fluid behavior, where increasing shear rates
result in a decrease of viscosity. This property is typically
exhibited by materials often used in extrusion printing, such as
polymer melts, polymer solutions above a critical concen-
tration, partially cross-linked hydrogels, and colloidal suspen-
sions.'*’

In extrusion printing, shear-thinning is related to the ease of
extrusion in combination with initial shape preservation of a
bioink, with a decrease of viscosity during the extrusion phase,
where the shear forces dramatically increase.'** After extrusion,
the shear rate drops with a corresponding rise in viscosity,
thereby contributing to preserve the printed shape. The higher
the zero-shear viscosity, the slower the flow and deformation of
the material will be preventing the printed structure to collapse
during the time for the secondary cross-linking to occur. For
example, high zero-shear viscosity contributes to the shape
preservation in printing calcium phosphate cements.'*' ™"

The molecular mechanisms behind shear-thinning and the
physicochemical interactions giving shape retention are
different for distinct classes of bioinks. Polymers commonly
employed for FDM, such as PCL and polylactic acid (PLA),
give melts which are intrinsically shear-thinning due to shear-
induced disentanglement of the long polymeric chains.'*” High
molecular weight polymers are entangled and randomly
oriented at rest. Upon shearing, the polymer chains disentangle
and align causing a decrease of internal resistance and thereby
of viscosity. For these bioinks, shape retention is triggered by
the abrupt transition from a melt to a solid state.

For bioinks based on colloidal dispersions, pastes and solid
suspensions, shear-thinning arises from the shear-induced
disruption of the interactions between the solid particles.
The relatively high viscoelasticity at rest, determined by the re-
establishment of interactions between the suspended particles,
ensures shape stability. Notable examples belonging to this
category include polymer solutions containing dispersions of
nanosilicates, often used as biomaterial inks or bioinks,"**~"%’
and calcium phosphate cements.**"** For these bioinks, the
setting reaction further contributes to the shape fixation after
printing.

Finally, pregel solutions or partially cross-linked hydrogels
are shear-thinning due to polymer disentanglement and
macromolecular orientation along the shear flow. This
mechanism is similar to that of polymer melts, with the
important difference determined by the presence of the
solvent.'”” Although elastic recovery and yield stress are
often observed, for this category of bioinks, the long-term
shape stability is typically given by a secondary cross-linking
after printing,"*

Another class of time-independent fluids are shear-
thickening or dilatant materials. They are characterized by an
increase in viscosity with increasing shear rate, a property
generally not relevant for printing applications. Non-Newtonian
materials can exhibit a time- rather than shear-dependent
viscosity. For thixotropic materials, the viscosity decreases with

time at constant shear rate, returning to its original value after a
period of rest. The opposite behavior is termed rheopectic and
is characterized b7y an increase of viscosity as a function of time
and shear rate.'”” In general, time-dependency of the viscosity
profile may render extrusion printing more complex and thus is
not usually sought during ink design, as printing parameters,
such as extrusion pressure, would need to be continuously
adjusted to preserve a constant flow of the material.

3.2. Viscoelasticity and Yield Stress

Bioinks for extrusion printing display both flow and shape-
retention properties. While passing through a nozzle, inks
should flow with minimal internal resistance, especially in the
presence of cells. After the material has been dispensed the
properties should be opposite, with immediate flow discontin-
uation, buildup of internal forces opposing to deformation, and
elastic shape retention. The property of displaying viscous flow
and elastic shape retention is known as viscoelasticity. This
behavior can be described using two parameters: the storage
(or elastic) modulus G’ and the loss (or viscous) modulus G”.
The storage modulus G’ is a measure of the amount of energy
elastically stored during deformation and therefore is
associated with elastic shape retention. The loss modulus G”’
measures the amount of energy dissipated by the material and
therefore is linked to the viscous flow. Viscoelastic properties
can be determined via oscillatory rheology, in contrast to
viscosity which is measured under rotation. G’ and G” are
typically measured as a function of the frequency and
amplitude of the oscillation.'”” The G”/G’ ratio is designated
as damping factor, loss tangent or tan(5).

Besides storage modulus, shape retention can also be
described in terms of the yield point. The yield point (or
yield stress) is the stress that has to be exceeded for
deformation to occur (Figure 3B). Both elastic modulus and
yield point are correlated to the number of cross-links or
entanglements within the bioink. These interactions provide
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Figure 3. Rheological properties affecting printability and shape
fidelity. (A) Interplay of rheological properties in extrusion-based
printing. (B) Amplitude sweep of a viscoelastic substance represented
as a function of the shear stress, illustrating the yield point as the limit
of the linear viscoelastic range, and the flow point, e.g., the stress at
which the viscous modulus G” is above the elastic modulus G’ and
therefore flow can occur. (C) Elastic recovery test, where G’ (blue)
and G” (red) are measured under low deformation (white time
interval) and high deformation (gray time interval). The curve
represents the idealized behavior of a bioink for good printability and
shape retention.
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internal resistance against change in shape, such that for small
perturbations the material behaves like an elastic solid
recovering the original shape, whereas above a certain
threshold the material is deformed permanently, e.g., it yields
(yield point) or flow occurs (flow point). The yield point can
also be assessed based on the viscous properties in rotational
rheology, however, in this case, the measurement is subject to
instrumental bias, and therefore the determination in
oscillatory rheology is recommended."*”

Increased yield stress of an ink generally improves filament
formation and stiffness of the final construct, but it can also
hinder cell encapsulation. Gellan gum, hyaluronan, or
carrageenan are typical examples of additives that increase
the yield stress of a given ink.'*""'** For instance, the addition
of gellan gum to gelatin methacryloyl, in the presence of
cations in solution, induces the formation of a shear-reversible
ionically cross-linked network, which, at rest, results in an
increase of viscosity of the ink. Such reversible network is
broken by shear forces during dispensing and it reforms after
the shear forces are removed.'*' A deposited material with
sufficient yield stress or elastic properties will not flow unless
the acting forces overcome this yield threshold value; these
forces include gravity, determined by the filament own weight
and by the weight of all layers above it, capillary forces, and
surface tension.’®

Another fundamental aspect is the transition kinetics from
fluid-like flow to elastic shape retention. This property can be

uantified by measuring the recovery of the shear mod-
uli' "1 or the viscosity'** over time upon removal of
stresses above the yield. In Figure 3C, a typical example of
material recovery is illustrated, where the bioink undergoes an
oscillatory test with small deformation, followed by a large and
destructive deformation (gray time interval). In this example,
the bioink displays a profile supporting good printability: for
small deformations, there is a clear elastic prevalence G’ > G,
whereas with the destructive deformation representing
extrusion, the prevalence is viscous G” > G’; additionally,
the transition between the regimens should be ideally
instantaneous over several cycles.

While rheological properties and in particular shear-thinning
behavior and rapid, reversible sol—gel transition are key factors
in defining printability and shape fidelity in extrusion printing,
the rheological requirements for lithography-based bioprinting
are widely different. In stereolithography (SLA) and dynamic
light processing (DLP), the ideal biomaterial should display
low viscosity, as a new volume of the materials needs to
effortlessly flow under the building platform after each layer is
cross-linked, ideally even in the absence of a mixing
mechanism, as further discussed in section 5 of this review.

3.3. Embedding of Cells Affects the Rheological Properties
of the Bioink

While the viability and proliferation of cells embedded within a
bioink is an important aspect, the impact that cells have on the
physicochemical properties of the ink has been often
overlooked. Cells within a bioink occupy a specific volume,
depending on their size and density. The volume taken up by
cells is precluded to the hydrogel, potentially impacting on the
cross-linking efficiency and viscoelastic properties.”’ In fact,
cells can interfere with the cross-linking, acting as a physical
hindrance between different regions of the ink or limiting
contact between reacting groups. This was observed when
loading cells in a HA-based bioink. At a cell density up to 25 X

10°/mL, the gelation time was comparable to the cell-free ink;
however, a cell density of 100 X 10° cells/mL resulted in an
increased gelation time (from 20 min to 1 h), whereas cell
densities of 250 and 500 X 10° cells/mL fully prevented
gelation from occurring.'** Further, the presence of cells (2.5
X 10° cells/mL) resulted in a decreased viscosity (4-fold) of
gelatin methacryloyl bioink compared to cell-free ink.'*

Another phenomenon to consider is that upon adding cells
the bioink effectively turns into a composite material. Thus,
high densities of cells suspensions behave as colloidal systems
displaying shear-thinning and ultimately printability, even in
the absence of rheological enhancers or additional biomate-
rials.”'*”'** Cells have characteristic mechanical properties;
for example, chondrocytes were reported to have a (pseudo)
Young modulus of 0.6 kPa'*’ as measured via a combined
experimental and theoretical approach consisting in micro-
pipette aspiration, finite elements models, and 3D confocal
microscopy to determine the deformation in situ. The cell
influence on the viscoelastic properties of the bioink is further
complicated by the fact that cells may be surrounded by
pericellular matrix, modifying their mechanical properties,"”
hydrodynamic radius, and boundary conditions at the fluid
interface.

As such, the effects of cells laden in the ink do not result in
straightforward alterations of the rheological properties. For
example, in a collagen-based bioink, high cell density (up to
100 X 10° cells/mL) increased the viscoelasticity of the
precursor hydrogel while decreasing the storage modulus after
gel formation. Additionally, high cell densities slowed down
the kinetics of the gel formation.”* The influence of cell
encapsulation on the rheological properties was also
investigated for bioinks consisting of mixtures of a thermor-
esponsive HA with the methacrylated derivative of either HA
or chondroitin sulfate."® The rheological properties before and
after thermal gelation and, following UV-mediated cross-
linking, were markedly different for the two compositions.
Below thermal gelation, cell addition resulted in lower G’ and
G” for the chondroitin sulfate derivative, while both moduli
increased for the HA derivative; after thermal gelation and UV
cross-linking, the moduli were almost unvaried for the
chondroitin sulfate derivative and markedly higher for the
methacrylated HA. Similar reaction conditions were used for
both inks, suggesting that the volume occupied by cells is not
the only factor affecting the resulting rheological properties.

When different cross-linking mechanisms are involved,
striking differences on the impact of cell encapsulation can
be observed. Encapsulation of up to 9 X 10° cells/mL had little
or no impact on the viscosity of pentanoate-functionalized HA
as a bioink.">" On the contrary, the presence of cells had a
dramatic impact on the rheological properties of a HA-
tyramine based bioink, turning it from a shear-thinning soft gel
when cell free (G’ > G”) to a runny unprintable liquid (G” >
G') when the cell density reached 5 x 10° cells/mL."** In this
case, cells were likely responsible for hydrogen peroxide
inactivation, depriving the enzymatic reaction of this reagent,
thus resulting in less cross-linking.

In fact, cells may even actively participate to and interfere
with the chemical processes driving the cross-linking reactions.
For example, cells might capture free-radicals generated from
photoinitiators or internalize small molecules making them not
available for chemical cross-linking.'* Interestingly, for the
enzymatic gelation of HA-tyramine, it was observed that the
cell-induced decrease in viscoelastic properties diminishes at
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Figure 4. Key aspects to assess printability in the context of extrusion- and lithography-based bioprinting technologies. While the principles (e.g,
extrudability, filament characterization, rheological requirements) to assess the printability of a given bioink for extrusion-based bioprinting are
different from those needed for lithographic bioprinting, the definition and methods to assess shape fidelity remain comparable across these

different bioprinting platforms.
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Figure S. Schematic summarizing key aspects during bioink development and modification, including printability assessment. During hydrogel
development for 3D bioprinting, a cell friendly gelation mechanism and biomaterial cytocompatibility need to be assessed. When cells, particles, or
fibers are embedded in the biomaterial, a homogeneous distribution before and after gelation is desirable to minimize sedimentation. Degradation
and swelling behavior may have an influence on geometrical accuracy. The second step covers the assessment of printability which differs between
printing technologies. The concept of printability assessment for extrusion printing includes rheological characterization, extrudability, and filament
formation as well as shape fidelity. In lithographic printing, rheological requirements, shape fidelity is accompanied by optimization of photocuring
depth and light penetration depth. After optimizing printing parameters to meet the printability requirements, the biological performance, including
evaluating cell viability, cell proliferation, and cell differentiation, is required. When the bioink is modified by means of composition, cross-linking
mechanism, or photoinitiator, the whole workflow should be repeated to ensure a cell friendly environment and optimized conditions to achieve

good printability.

lower temperature, and the extent of this effect appears to vary
with the embedded cell type.'>* This suggests that uptake and
neutralization of reactive species might depend on the
metabolic activity of the cells. A further aspect is that certain
cross-linking chemistries, such as phenol—phenol coupling,
thiol—ene or aldehyde-based systems, such as hydrazine-
forming inks,'>*"** involve functional groups which are
naturally present on amino acids and thereby on the cell
surface.'>>~">” Besides considering the impact this can have on
cell viability and metabolism at high cell density, it may even
occur that cells could provide molecular material to bridge the
bioink molecules.

The above evidence underlines how the impact of cells on
bioink properties is manifold. Important phenomena to be
considered include volume exclusion, alteration of viscoelastic
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properties due to the cells in suspension, and potential
interference of cells with chemical processes. The extent of
these effects depends also on the metabolic state of the
embedded cells, their subtype, encapsulation density, and
occupied volume, with potential difference when single cells,
spheroids, or complex aggregates are processed. Given that
biofabrication is a field still in its infancy, future studies can be
envisioned to unravel the impact on shape fidelity and
printability of cells as printable materials, both from a physical
and biological point of view.

4. ASSESSMENT OF PRINTABILITY AND SHAPE

FIDELITY

Assessment of printability and shape fidelity is a crucial step in
the development a bioink. Although “printability” is a widely
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Table 1. Parameters and Approaches Introduced To Evaluate Printability in Extrusion Printing. Data Focus on Materials
Properties Pre-Printing as Well as on the Printing and Optimization of Filament Formation and Shape Fidelity of Single (1—2)

Layers”
methodology parameter
rheology flow behavior

yield stress

elastic recovery

shear stress

damping factor =
tan (5) = loss tangent

filament formation

filament formation

filament uniformity

filament collapse

filament collapse +

gravity

filament fusion

extrudability extrusion force

significance

shear-thinning behavior indicated by decrease in viscosity at
increasing shear rate

can counter deformation from gravity or surface tension, potential
predictor of how well an ink holds its shape after extrusion

time dependent response of the material after shear induced

deformation

affects both cell behavior and printing resolution

identifies a suitable balance between flow and shape retention

drop vs continuous flow formation upon extrusion

fidelity of filament geometry (diameter, height, aspect ratio) as a
predictor of shape fidelity

stability of a single filament to bridge a distance without sagging

stability of multiple filaments to bridge a distance

defines the pore closure of two filaments

defines force needed to extrude an ink out of a nozzle
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remarks

o characterization of the
bioink during development
and optimization for print-
ing

® absolute magnitude inde-
pendent of the printer type

o provides an input parame-
ter for in silico models

@ absolute magnitude inde-
pendent of the printer type

® provides an input parame-
ter for in silico models

® absolute magnitude inde-
pendent of the printer type

o predicts filament recovery
upon extrusion out of the
nozzle

® absolute magnitude inde-
pendent of the printer type

® provides an input parame-
ter for in silico models

o dimensionless parameter
based on rheological data

o independent of printer

® comparable across labora-
tories

e posthoc feedback to opti-
mize printer settings

e requires pregel with yield
point

® strategy to optimize print-
ing settings

® neglects layer stacking

® requires pregel with yield
point

o prefabrication screening

® estimates potential artifacts
and pore closure in the
z-direction

o limited to pregels with
yield point

o filament circularity and
layer stacking is neglected

o limited to single layer
constructs

o distance to bridge is related
to printing geometry

o time dependent ink flow in
delayed of postextrusion
cross-linking

o filament spacing is de-
pendent on substrate sur-
face

® extrusion force measure-
ment to define pressure to
achieve homogeneous flow

e investigation of ink homo-
geneity during extrusion

ref

17, 48, 65, 105, 144,
151, 168, 203, 204

78, 141, 144, 151,
205

48, 104, 143, 144,

151, 168, 203, 206

43, 45, 60, 207

105, 125, 162, 163

42, 46, 144, 169, 170

46, S8, 62, 105, 134,
140, 163, 171, 178,
180, 182, 183, 187,
208

42,78, 172, 174

175

78,176

60, 140, 168, 179,
208
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Table 1. continued
methodology parameter significance remarks ref
in silico models power-law model numerical model considering rheological data (viscosity shear rate)  ® restricted to static and 144
and printing parameters (needle length and radius, extrusion linear fluid flow
pressure and velocity) to predict shear-thinning coefficients o restricted to incompressible
materials
® empirical model
Herschel—Bulkley equa- numerical model considering rheological data (shear stress, shear e applicable for non-New- 100, 166
tion rate) to predict flow behavior, flow rate and yield stress tonian fluids
e considering nonlinear shear
stress and shear strain
behavior
o includes wall slipping (re-
duced viscosity near needle
wall)
® empirical model
shape fidelity filament circularity describes filament spreading on a surface o directly related to geometry 46, 105, 140

pore geometry

visual grid

combined method- biofabrication window
ologies (image
analysis, rheol-

ogy)

dimensionless indi-
ces and scores

integrity index/
printing fidelity

shape fidelity score

printability index

degree of reproducing ideal geometrical shapes

direct comparison of printed structure to computer generated lattice

multiple parameter analysis to visualize parameter interplay

relative evaluation of layer stacking

qualitative evaluation of printed grid and scoring based on edge
shape and retaining of structure

relative evaluation of pore geometry

of macroscopic shape

applicable to single and
multilayered constructs to
identify how well layers are
stacking

applicable for horizontal
and transversal pores in
multi layered constructs

® pore geometry is related to
filament spreading and fu-
sion at intersection

limited to open pore
structure

o limited to simple constructs
with macroscopic porosity

® phase diagram based only
on selected parameters
readability limited to 3D
graph illustrating maximum
of three parameters

o for multiple parameters
visualization e.g, radar
plots are possible

o related to merging fila-
ments and filament col-
lapse (values <1)

percentage of height rela-
tive to theoretical height

e indices and scores solely
focus on quality of printed
filaments

o should be combined with
scores addressing further
analytics related to print-

ability

o related to filament merging
and collapse (P, < 1)

o index focuses on transversal
pore geometry

46, 55, 163, 180, 188,
206

46, 105, 178, 183,
209

21, 38, 46, 126, 141,
144, 210, 211

55, 108, 162, 163

62,151

42, 46, 170, 187—189

“Parameters are summarized based on the methodology (rheology, image analysis, dimensionless indices and scores, numerical models).

used term in biofabrication-related literature, there is currently
no clear consensus on when a material or formulation is
considered “printable”. Gillispie et al. defined printability as
“the ability of a material, when subjected to a certain set of
printing conditions, to be printed in a way which results in

. » 160
tion".
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printing outcomes which are desirable for a given applica-
Hence, the evaluation often relies on diverse
parameters of the printing process, which hamper compara-
bility between inks used in individual studies. However, in the
framework of extrusion bioprinting, printability generally refers

https://dx.doi.org/10.1021/acs.chemrev.0c00084
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to the “suitable” extrudability, filament formation, and shape
fidelity (Figure 4 and Figure S), which are all parameters
indicating the degree of dimensional faithfulness of the printed
object in comparison to the designed one. In this context, the
term shape fidelity can be used to describe the shape retention
of single filaments upon extrusion as well as of the printed
construct as a whole compared to the original computer design
and is sometimes referred to as print accuracy.'®’

For the evaluation of bioinks for extrusion printing, various
approaches can be distinguished, particularly based on how
they are related to the different stages of the printing process
(pre- and postprinting for example). Importantly, it should be
emphasized again that any assessments of the cell-free ink may
not hold complete relevance for the equivalent cell containing
bioink, as cells have an impact on the rheological properties of
the mixture.'®

During the development of a hydrogel as a bioink, a suitable
gelation mechanism, homogeneity of the materials in terms of
cell (or if any other fiber or particulate additive) distribution,
cytocompatibility, and swelling/degradation behavior need to
be investigated and optimized (Figure 5). To assess
printability, a first step prior to printing may consist in
assessing the key rheological properties of the ink (as
illustrated in Figure 3A) as predictors of the potential shape
fidelity. Moreover, as hydrogel filaments are the basic building
blocks in extrusion bioprinting, the formation (section 4.1),
their planar orientation (section 4.3) and stacking during the
layer-by-layer printing process (section 4.4) can also be
evaluated. The quality and mechanical stability of these
filaments is a primary indicator of printing accuracy, shape
fidelity, and resolution than can be achieved (Table 1). With
advanced imaging technologies, real-time monitoring (section
4.5) of the printing process becomes a feasible strategy for the
on-the-fly, direct assessment of both the individually printed
layers and assembled 3D constructs. Once a hydrogel or bioink
is modified, e.g, by changing composition or gelation
mechanism, the whole workflow of printability assessment
should be repeated. Finally, and specifically for biofabrication,
the assessment of the biological performance of the bioink,”*
should not be neglected, especially assessment beyond the
simplistic analysis of cell viability, in order to evaluate the
impact of the materials and the printing process on superior
cell functions, such as proliferation and differentiation and
matrix remodelling postprinting. The optimization of such
biological properties may even likely require an iterative
optimization of the printing process.

4.1. Rheological Evaluation

The rheological characteristics of a bioink are often used as a
predictor of its printability and shape fidelity.”*'**'*" In
particular, shear-thinning (section 3.1) kinetics of the elastic
recovery and yield stress (section 3.2) are the most frequently
evaluated parameters. In general, a first test can be performed
to evaluate the rheological properties of a bioink subjecting the
material to increasing shear stresses to assess whether a
material exhibit a yield stress behavior. The next step is the
evaluation of the shear-thinning property by measuring the
viscosity of the ink as a function of the shear rate. Finally,
recovery tests are performed to analyze the ability of the
materials to restore their elastic properties when exposed to
alternating high and low shear stress.

Another relevant rheological parameter is the damping factor
or tan (5). Corresponding to the ratio between loss and elastic

moduli, tan (8) carries information on the balance between the
viscous and elastic deformation properties. The measurement
of the damping factor takes a few seconds and is scarcely prone
to experimental bias, thus it is a useful czluantitative parameter
for quickly screening a bioink.'>"**'**'®* Damping factors
between 0.4—0.6 and 0.25—0.45 were reported for tyramine-
HA'%'** and a gelatin—alginate composite,'** respectively, to
yield maximal shape fidelity.

Importantly, because the rheological properties are intrinsic
to the material, they can be used to compare results between
different laboratories, provided that the same testing protocols
are applied. This universal character is useful especially for the
comparison of different bioinks independently of the printing
device to be used. However, to identify optimal ranges, it is
necessary to consider geometrical and instrumental factors. For
example, the optimal range of rheological properties for a
bioink intended for extrusion printing at 37 °C and 1.5 bar
with an 800 ym nozzle, will be different from the optimal range
of a bioink extruded through a smaller nozzle diameter or
higher pressure, as well as from the optimal range for a bioresin
intended for DLP printing.

Mathematical models can be applied to predict the optimal
printing conditions (e.g, feed rate, nozzle diameter, or
temperature), using as input data measures from the
viscosity-shear rate profile of a bioink. Shear-thinning can be
quantitatively assessed using a rotational rheometer to measure
the viscosity under increasing shear rate. On the basis of the
viscosity curves obtained, empirical shear-thinning indexes can
be derived from the ratio between viscosities measured at
different arbitrarily selected shear rates."®* Several mathemat-
ical models for shear-thinning behavior have been proposed.
One of the most used models is the Ostwald—de Waele model
or the power law (eq 1), which is defined as'*’

n=k'"" (1)

where 7 is viscosity, k is a constant called consistency index
(defined as the viscosity when the shear-rate is 1 s7'), j is the
shear rate, and # is the shear-thinning index, also referred to as
flow index or power-law index."*” Shear-thinning index n < 1
identifies shear-thinning materials, n > 1 shear thickening
materials, whereas n = 1 designates Newtonian fluids.

The extrusion velocity during printing can be calculated
from the shear stress (using the following eq (eq 2):'*

5
T=|—
or ()

where n is the shear-thinning parameter derived from the
power law, v is the extrusion velocity of the fluid, and r is the
radius of the needle. Considering that the shear stress is
proportional to the applied pressure and the radius of the
nozzle, the velocity of extrusion for a range of materials and
conditions can be determined using the following eq (eq 3):"**

1/n
v = n ( Ap ) (Rn+1/n _ rn+1/n)

n+ 1\2LK (3)

The power law is a relatively simple model that can be used to
predict printability.'”*'** For example, this model has been
applied as initial screening to determine the printability of
bioinks based on alginate, gelatin—alginate blends,*® and
poloxamer 407.'** Recently, this model has also been used
to predict the shear thinning behavior of nanosilicate/PEG-
based bioinks."®’
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Figure 6. Quantitative tests to assess the extrudability, filament formation, and shape fidelity of bioink prior to the printing process. (A) Rheological
data can be acquired for a specific ink, providing key information on properties necessary to extrude cohesive, stackable filaments. (Ai) Yield stress
measurements correlate with the flow initiation step, (Aii) whereas shear-thinning properties of a bioink permit facile extrusion. (Aiii) Depending
on the extrusion pressure and the polymer viscosity, droplet, or filament formation can occur at the nozzle. (Aiv) Bioinks able to form filaments and
also show a rapid shear recovery after extrusion, can be used for printing and stacking multilayer constructs with improved shape fidelity."** (B)
Uniformity of each extruded filament and thus its shape fidelity compared to the intended design (typically a cylindrical, smooth filament) can be
assessed via image analysis and correlates with the ability of a viscoelastic bioink to absorb and disperse energy, as quantified by the loss tangent
(tan (8)). Higher values of the loss tangent were shown to correlate with better filament uniformity.162 (C) Printed filaments can experience
different deformations, given their limited mechanical properties, under the action of different forces, including gravity and surface tension.”® (Ci)
Printing a bioink filament on top of an array of pillar placed at increasing distances offers a simple and quantifiable way to assess sagging of support-
free structures due to gravity (and, in absence of postprinting cross-linking to the viscoelastic properties of the hydrogel ink), as estimated via
assessing the deflection angle 6. (Cii) Adjacent filaments in a filament fusion test (deposited in a meandering pattern at increasing filament
distances, f;) can merge due to the surface tension between the bioink and the collector substrate, as well as between each layer of a bioink. Inks
with lower yield stress tend to have longer fused segment length (f,) even at higher f;, causing a loss of resolution in the x—y plane. Schematics
based on proposals from Paxton et al."** (A), Gao et al. 2018'%* (B), and Ribeiro et al. 2017"% (C).

The main limitation of the use of this model is, however, fidelity, and these will be discussed in more detail in section
that it can only be applied to a range of shear rates between 10 5.2.
and 10* 1/s."** Further, it assumes that the fluid is steady and 4.2. Extrudability and Filament Formation
linear at medium shear rate and does not account for wall
slipping, e.g., reduced viscosity near needle wall.'** A model
that take into account low shear rate regions is the Herschel—
Bulkley model (eq 4), which relates the shear stress (7) to the
yield stress (7,), shear rate, and the shear-thinning parameters
of the power law (k and n):

The evaluation of fiber formation and stacking ability is a first
important step in assessing and potentially predicting shape
fidelity in extrusion-based printing. First, the flow of the bioink
needs to be initiated upon extrusion, which occurs when the
extrusion pressure exceeds the yield stress of the ink. To
evaluate extrudability, the force needed to extrude the bioink at
a constant speed can be measured.'*”'**~'°° Homogenous
inks will result in constant extrusion forces, often leading to the
looked-for continuous extrusion, while particle or aggregate
induced ink inhomogeneity and associated fluctuation of
extrusion force over time can reduce consistency of the
deposited filaments.'*®

Further, visual screenings of whether a droplet or a
continuous and linear filament are formed upon extrusion
into the air have often been groposed as initial steps to identify
optimal printer settings.”>*>'*'%!7% This ability to form a
filament and display uniform extrusion is directly associated
with the material’s shear-thinning and rapid shear recovery
behavior (Figure 6Ai—iv).'**

Once a continuous filament can be extruded, the uniformity

T=1y+ ky" (4)

The Herschel-Bulkley model is quite useful, because it
includes both the yield stress and shear response and even
considers wall slipping within the needle,' %1319 Although
such theoretical models can be implemented as an in silico tool
to gain insight in the potential printability of a material,
experimental validation is still needed, as the models are based
on simplifications and assumptions. It should also be noted
that the above predictive models are particularly relevant for
extrusion-based printing. In lithography-based bioprinting,
rheological requirements are vastly different. In fact, the bioink
usually consists of a low viscosity (usually 0.25—10 Pa-s'®")

photo-cross-linkable hydrogel precursor.”® The kinetics of the
photochemical cross-linking, the diffusivity of the generated
reactive species, and the presence of inhibitors and optical
properties of the resin are the major determinants of shape

and thus shape fidelity of deposited single lines can be
investigated.'*”'“>'”" A wavy structure of the filament may
clearly require further optimization of the printer settings. The
ability to extrude a uniform linear filament is affected by the
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Figure 7. Quantitative tests to assess the shape fidelity of a bioink during printing and postfabrication. (Ai) Single filaments are evaluated on their
(Aii) homogeneity based on the fiber diameter (d;, d,, and d;), with identical diameters characterizing a homogeneous filament."*>'7® (Bi) Top
and side view of 2D planar structures, meaning constructs that predominantly extend along two directions which are significantly wider than the
height of the constructs which are typically composed of 1—2 layers. Planar structures being evaluated on (Bii) filament diameter and merging with
focus on the intersection/overlay of two filaments and (Biii) transversal pore geometry with optimal rectangular pore shape for ideal filament
stacking (printability index P, = 1).46163 (Ci) Top and side view of multilayered constructs illustrating circularity of filaments.**' %' (Cii) Visual
grid as indicator how close the printed structure (green lines) match with the computer designed shape (black lines) post printing."®® (Ciii) Layer

stacking indicating the shape retention of circular filaments in multilayered constructs is analyzed by comparing the height of the computer

designed sample to the height (h, and h,)."*>'%* Schematics based on proposals from Soltan et al. 2019, Wang et al. 2018

163,1

¥ (A); Ouyang et al.

2016, Soltan et al. 2019%0163 (B); and Petta el al. 2018, Gao et al. 2018, and Soltan et al. 2019109162163 (C).

printing pressure and the nozzle speed, but also by the nozzle
offset,’ e.g., the distance between the tip of the nozzle and the
building platform.”””*?*~'% These process parameters which
are dependent on the nozzle diameter and geometry can
greatly vary between different bioinks.

Given their limited elastic properties, viscoelasticity, and
propensity to undergo structural deformations, printed
filaments can display creep and collapse exemplified by
merging of the filaments or layers. This can occur when the
bioink does not stop flowing immediately after leaving the
nozzle, or if the yield stress (or storage modulus) is too low to
counter forces, such as gravity and surface tension.”*'”*'”?

For achieving a high shape fidelity, the ability to print
structures with transversal porosity is important and hence
preventing filament collapse along the axial direction due to
the effect of gravity is imperative, especially when a filament is
spanning over a large gap between underlying supporting
structures, or even when overhangs are to be produced (Figure
6Ci). The potential of a given bioink to counter gravity can be
quantitatively evaluated through printing a filament over a

pillar array, bridging a gap at increasing distance, e.g, as
previously reported with gap sizes ranging between 1—12 mm
and measuring the angle of deflection”®'”* or the area below
the filament.”'”* The angle of deflection 6, expressed as a
function of the gap distance, is a measure of the deformation
suffered by the filaments due to the discrepancy between the
gravitational force given by the filament’s own weight, and
inertia measured by yield stress and storage modulus of the ink.
In particular, yield stress was suggested as predictor of
potential filament deformation as increasing values for this
parameter correlated with lower deflection angle values.”® A
simplified version of the filament collapse test has been applied
also for bioinks with low elastic modulus and limited structural
integrity, which are unable to span over large gaps across pillars
and simply break rather than undergo sagging. In this setting,
multiple filaments are printed from the same ink, and the
number of gaps that can be covered without fracturing the
filament were calculated.'”

Besides gravity-driven deformations, adjacent filaments
printed in a same layer can fuse due to the time-dependent
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flow (prior to stabilization via cross-linking), as well as due to
spreading onto the underlying layer (or printing collector, if it
is the first layer) caused by surface tension. A straightforward
test to analyze such filament fusion was proposed printing
parallel structures'”® or filaments with a stepwise narrowing of
the filament spacing (Figure 6Cii).”® In such a meandering
pattern, the fused portion of the filament propagates from the
corner and increases (up to cause a complete fusion of the
filaments, closing the intrafilament space) for decreasin,
filament spacing and for bioinks with decreasing yield stress.”
This test is indicative of the capacity of printing fine details like
small pores with sharp angles.

Taken together, for proper assessment of the bioinks, all
events and parameters that determine the deformation of
printed inks need to be considered in relation to the
viscoelastic behavior of the material of interest.”” While
yield stress was proposed as a relatively straightforward
indicator of the resistance of a given bioink to sagging and
fusion, a complete modeling and understanding of these
phenomena should not overlook the impact of time-dependent
effects. For example, filament collapse or fusion due to lack of
yield stress and low viscosity inks should also be carefully
considered as these may occur on a time scale short enough to
introduce artifacts in the print.

4.3. Shape Fidelity in Planar Structures

Besides the filament formation, filament homogeneity and
uniformity are also important aspects in order to generate
planar structures. Planar structures are constructs that
predominantly extend along two directions (x and y plane),
which are significantly wider than the height of the construct.
This typically translates to structures composed of 1—2 layers
as used in more qualitative and quantitative shape fidelity tests
reported in the literature. For example, filament diameter can
be measured on images of the filament at different locations
(Figure 7A)°%0>10316817LI78 o1 indirectly calculated by
measuring distance between filaments.'”” Normalization of
the diameter measured on the printed filament to the needle
diameter results in the spreading ratio.”' Further, the filament
diameter at the intersection of two filaments'®’ can be used as
an indicator of how well these are stacked and how the
filaments may deform due to surface tension. Fusion is
accompanied by an increase in diameter in x—y plane, as the
filament relaxes and spreads onto the underlying layer (Figure
6Bii).'”® Beside filament width, the height of printed filament
has been examined in image-based analysis."*"'*"'** Measur-
ing the filament width (x—y plane) and thickness (z-axis)
across multiple points along the length of a given filament or
planar structure which are then compared to the original
dimensions of the computer-aided design (CAD) file at the
same points (Figure 7Cii) are also referred to as geometrical
accuracy.'’®'®® Filament diameter and hei%ht are linked to
printing parameters, such as feed rate, SHIBLIS2 1 ozzle
diameter, %1% pressure,“’lgz’]85 nozzle height,l‘M’181 and
nozzle speed.*”

Poor or slow stabilization of the ink after dispensing, as well
as fusion of adjacent filaments are in fact marked by the
collapse of the filament circularity.”®'”* Semiquantitative
evaluation, based on the circularity of printed filaments and
shape fidelity of the pore, was recently introduced.**'*’ Using
this approach, a printability index (P,) which is based on the
perimeter and area of the pore can be easily derived (Figure
6Biii). An ideal axial porosity in a 0—90° laydown pattern

should thus display a squared (or rectangular, depending on
the designed strand-to-strand distances) profile in the x—y
plane. In this case, high geometric accuracy would result in a
printability index of P, = 1 (square shape transversal pore
geometry), while P, < 1 and P, > 1 correspond to a more round
or irregular shaped transversal geometry, respec-
tively.*>*7%1¥7=1% Thys, the measurement of pore circular-
ity and the deviation from an ideal square, can provide an
estimation of the shape fidelity in the x—y plane.”® Low
viscosity and nonoptimal gelation conditions are some of the
underlying causes for these deviations, e.g.,, the merging of
filaments and the resulting low shape fidelity.*>'** Thus,
approaches, such as postprinting light cross-linking (e.g., visible
or UV light), should be considered to increase filament
stability after extrusion. Recently, a combined evaluation on
printability and rheological properties was introduced by
correlating the filament width deviation from the needle
diameter to G’ or gelation time, or calculating the deviation
from the square area of the printed construct (1 or 3 layers)
varying the pH for gelation of collagen bioinks.'”’

4.4. Shape Fidelity in Multilayered Structures

Once reproducible control over the deposition of filaments in a
single layer is achieved, the shape fidelity of constructs based
on multiple layers should be evaluated. Important parameters
that have been proposed for this assessment are the geometric
accuracy, layer stacking, and structural integrity. In addition to
geometrical accuracy described in the previous section, the
measurement of the maximal height reached for printing a
defined geometry indicates quality of layer stacking in a
multilayered setup, often described as critical height.'*>'*>'"!

Analysis of shape fidelity and integrity index both rely on the
calculated percentage of construct dimensions postprinting
relative to the theoretical designed ones. Indices <1 indicate
filament merging and/or collapse, whereas indices of 1 refer to
high shape fidelity and optimal layer stacking (Figure
7Ciii).>¥0# 10102103188 TG agcess shape fidelity and reprodu-
cibility and to identify defects or artifacts within a construct
postprinting, 3D computed tomography (CT) imaging has
been proposed. Constructs can be visualized by CT, even
though due to the high water content, inks made only of
hydrogels show limited CT contrast.'”” Nevertheless, using
decreased beam intensity and focusing on the lower range of
the gray values, morphometric analysis of micro-CT scans of
hydrogel-based constructs is feasible (Figure 8A).'"

An advantage is that this technology is well-established in
the field of material science and that associated morphometric
tools and software are already available.'”*™"® Further, CT can
also reveal additional defects in printed structures, such as air
bubbles within filaments. However, as this technology relies on
the use of X-ray, it is not optimal for the analysis of cell-laden
constructs, except for end-point measurements.

Optical coherence tomography (OCT) is an additional
method that allows for 3D visualization of water-rich samples,
such as hydrogels (Figure 8B). In fact, OCT imaging provides
a 3D volumetric view of the inner microstructure of a
translucent and opaque construct.'”’~**° It allows quantitative
assessment of morphological parameters, including pore size,
filament size, porosity, surface area, and pore volume with high
contrast between hydrogel and pores and has been proposed as
a real-time monitoring technique with high resolution (1—10
pm) and signal acquisition speed (25 frames/s)."”*'”* The
advantage of OCT imaging compared to fluorescence or
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Figure 8. Use of CT and OCT for visualization of filaments and pore
structure in printed hydrogels for the evaluation of shape fidelity. (A)
Use of micro-CT to assess shape fidelity of 3D printed HA-based
hydrogel: (a) Optical image of a 3D printed lattice grid overlapped
with its 3D CAD model; (b) micro-CT 3D reconstruction of the
printed construct, where the color represents the thickness; (c) Strut
thickness distribution in the 3D reconstruction; (d) micro-CT cross-
section of a 3D printed construct of multiple layers illustrating
overlaying accuracy; (e) 3D reconstruction image showing air pockets
in red. Scale bars 1 mm. (A). Reproduced with permission from ref
10S. Copyright 2018 American Chemical Society. (B) Optical
coherence tomography (OCT) imaging of gelatin/alginate hydrogel
with different architectures illustrating (A1, 3) the cross-section; (B1,
3) surface; (C1, 3) hydrogel at 1 mm depth; and (D1, 3) 3D
observation of hydrogel matrix. Scale bars 500 ym, UMP: undefined
micropores. (B) Adapted with permission from ref 192. Copyright
2106 The Optical Society.

scanning laser confocal microscopy is the increased penetration
depth of up to 1000 ym, while fluorescence microscopy only
allows the analysis of the construct surface, and the penetration
depth of confocal microscopy is limited to 300 pm.”"*%
Importantly, OCT is compatible with cell-laden hydrogel
structures, is noninvasive and uses only a low exposure dose
with a swept-source laser (scanning rate, S0 Hz; spectrum,
1310 + 60 nm)."”® Moreover, the outcome can be directly
compared with the original CAD file, and thus can provide
immediate input for the improvement of shape fidelity of the
printed constructs.

4.5. Noninvasive and On-the-Fly Monitoring

The approaches described above provide an important insight
into the printability and shape fidelity of filaments, layers, and
3D constructs. However, they do not allow for the in-line
monitoring of the progress of a print neither to apply changes
in the printing parameters while printing, which could be

beneficial to fully automate the bioprinting workflow. Thus, in
an ideal set up, shape fidelity and printing quality should be
monitored in real-time and in a nondestructive manner. Such
an approach would also require a feedback loop, using the
acquired information on geometrical parameters detected
during printing as input for adjusting, e.g., the extrusion rate
or the printhead velocity.

Until now, OCT-based real-time monitoring is not yet
available. However, it could provide a future opportunity for
noninvasive iterative feedback control when integrated into a
bioprinter system. Although such hardware is not available yet,
algorithms to provide feedback for optimizing the printing
process, based on OCT analysis of as-printed sample
constructs have already been proposed.'”®

Further advances can derive from implementing new
machine learning processes, which have so far been applied
to optimize the printing resolution of silicone-based
elastomers.”'” Specifically, a set of shape fidelity scores
estimating layer fusion, stringiness (adhesion of layers), and
undesired pore infill caused by collapse of the printed
materials, were used as inputs for machine learning methods
that had as output estimated optimal printing parameters.
Likewise, machine learning algorithms have been recently
investigated to predict the printing window of collagen-based
bioinks, starting from rheological data.”'® The combination of
advanced imaging hardware and shape fidelity predictive
software, could pave the way for automated on-the-fly
optimization of bioprinting accuracy.

4.6. Approaches to Overcome Forces Impacting Shape
Fidelity

The main sources of printing artifacts, i.e., the deformation of
generated bioink-based 3D structures resulting in a deviation
from the intended design, and thus in a decreased shape
fidelity, are gravity, surface tension, and time dependent flow
behavior of the bioink prior to chemical or physical
stabilization. Such forces play a critical role in extrusion-
based technologies and the introduction of new strategies to
counteract them has been a primary motivation in recent
research efforts in the field of bioprinting. As many of these
forces directly interplay with properties that are intrinsic to the
physicochemical properties of the bioink, one approach aims at
refining the design of the bioink itself, so that its rheological
behavior and properties can prevent or minimize such
deformations (e.g, a storage modulus and yield stress that
are sufficiently high to prevent buckling of suspended
filaments). Proposed approaches go from adding rheological
modifiers and viscosity enhancers (in the form of micro- and
nanoparticles,l12’187’214_217 nanofibrous elements,”®>'%>!?
nanoclay,”*"*** or blends of different biomaterials
design of advanced chemistries to provide shear-thinning and
rapid and reversible stiffening of the extruded filaments (e.g.,
host—guest chemistry and reversible bonds**’), as well as the
formation of colloidal inks or gels formed by slurries of
preformed microgels'*>'** capable of flow under applied shear
forces. While these approaches introduce a direct modification
of the inks, either in terms of chemical composition or of the
physical form in which the ink is presented (e.g, as
microparticles or as a solution), other promising approaches
aim at modifying the surrounding environment in which the
printing process occurs, or the printing hardware itself to
optimize the timing in which stabilization and cross-linking
chemical reactions occur within an ink. These approaches, in
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Figure 9. Schematic illustration of DLP printing and the effect of overcuring. (A) Schematics of a DLP printing approach, with a particular example
using silk derived bioresins. (A) Adapted with permission from ref 263. Copyright 2018 Springer Nature under CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). (B) Example of improved printing resolution via addition of a biocompatible food dye as photo absorber
to a PVA-MA bioink. CAD design of a cube, (C) overcured print, and (D) printed cube with sharp edges, from the photo absorber-laden bioink.
(B—D) Adapted with permission from ref 247. Copyright 2018 IOP publishing under CC BY-NC-ND 3.0 (https://creativecommons.org/licenses/

by-nc-nd/3.0/).

particular, have the potential to enable the utilization of bioinks
poorly printable with conventional methods, but that could
readily provide a biomimetic environment for cells to thrive.
Like in conventional 3D printing, support materials, in the
form of stiff hydrogels,”** ceramics,”'"®**° or thermoplastic
polymers,”**>> can be included to provide long-lasting
structural fidelity to constructs based on bioinks displaying
low mechanical properties. Likewise, sacrificial materials e.g,,
based on thermosensitive hydrogels (e.g, gelatin”’~*** or
poloxamers'*"**¥***) or alginate,”*>**° can be used to print
temporary supports.””* The effect of gravity on printed
filaments, as well as that of deformation due to time-dependent
flow prior to cross-linking can be countered by printing within
an environment providing buoyancy or direct support to the
bioink, for instance via suspended printing into support bath,
made of shear-thinning polymers, fluidized gels, or granular
media, as reported for example with the approach termed
freeform reversible embedding of suspended hydrogels, or
FRESH."'%%*7=2* I terms of techniques providing accurate
control over the cross-linking kinetics and its timing within the
different stages of the bioprinting process, coaxial,"*”***~*** or
microfluidic circuit-coupled nozzles,”*’ as well as light
permeable nozzles’**** have been designed to promote
cross-linking of low viscosity inks at the moment of extrusion,
thus reinforcing the resistance of such hydrogels against
sources of deformation.

The above-mentioned innovative approaches have the
potential to substantially increase the range of suitable bioinks
for printing, successfully improving shape fidelity even when
using hydrogels, which would display poor printability when
extruded in standard ambient conditions. Further refinement
of these technologies, as well as new future directions in
biomaterials design and engineering are expected to remain
major research topics in biofabrication in the near future.
Given the importance of these aspect, these technologies have

also already been extensively covered in other valuable

. 92,126,237
reviews.

5. IMPLICATIONS FOR LITHOGRAPHY-BASED
PRINTING TECHNOLOGIES

Alongside the efforts to improve shape fidelity and to
overcome the difficulty of extruding low viscosity materials
into cohesive structures, 3D printing technologies which have
operating principles that are nozzle-free and do not require
filament formation are acquiring increasing relevance within
the field of biofabrication. Specifically, lithography-based
printing technologies, derived from traditional vat polymer-
ization, are of particular interest due to their superior
resolution compared to extrusion-based techniques and
freedom of fabrication of free-form, complex 3D structures."*
Although often generically referred to as stereolithography
(SLA), a term that specifically defines the printing process
driven by laser scanning of a photoreactive resin in vat,”*
many different lithography printing technologies exist,
including DLP printing, and multiphoton polymerization
(MPP) printing, and all of them have been used for cell
printing in biofabrication. For this family of techniques, many
of the rheological analyses and quantitative tests based on
filament structures described in sections 3 and 4 provide little
information. Still, postfabrication shape fidelity remains an
important aspect also in the context of lithographic techniques,
especially when using cell-laden hydrogels that could display
low mechanical properties. In this section, the basic working
principles of lithographic techniques and the phenomena that
could impair shape fidelity in light-based technologies are
described together with the analytical tests to assess shape
fidelity.
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5.1. Working Principles of Lithography-Based Bioprinting
Technologies

A common factor in lithographic printing methods lies in the
inks used, often termed resins, which consist of photo-cross-
linkable prepolymer mixtures, loaded with a photoinitiator. In
analogy to this concept, bioinks for lithographic bioprinting are
sometimes termed bioresins.

In these processes, the bioresins are generally stored in a vat
or reservoir and are selectively exposed to light to induce
gelation of the ink in a spatially controlled fashion to generate a
3D object. The main differences across the various lithography-
based technologies is the exact mechanism of irradiation of the
photopolymer in the vat. SLA and DLP printing, respectively,
focus a laser spot or a pattern of light drawn by a digital
micromirror device (DMD) on a thin layer of the prepolymer
(typically 25 um'* to 75 um>****7). The process is repeated in
a layer-by-layer fashion, as the cross-linked part is either lifted
from (bottom-up) or sunken into (top-down) the vat through
the automated movement of a building platform, on which the
printed construct is attached. In bottom-up set-ups, a new layer
of resin flows in between the optical window at the bottom of
the vat and the build platform, whereas in top-down printers,
new resin is automatically added on top of the printed
construct. Conventional SLA allows for higher resolution (<30
um”*®) but is associated with longer printing times (delivery
rate &~ 10 mm> min™"°), due to the scanning of the laser across
each layer. In DLP (Figure 9), on the other hand, every pixel in
each layer is projected in parallel onto the resin, allowing for
faster fabrication rates (delivery rate &~ 20 mm? min™">**%**")
in lithography-based bioprinting."®” An advantage of light-
based systems over extrusion approaches is the possibility to
print structures directly into a volume and therefore even add
and remove, via photo-cross-linking or photodegradation,”*
elements from an inner part of construct without altering the
bulk of printed structure. While this remains challenging with
conventional light projection or laser scanning, like DLP and
SLA, in-volume printing, and conversely etching, can be
achieved with new single-photon technologies based on
tomographic principles,' as well as with technologies that
rely on multiphoton absorption.

MPP is a typical example of this potential, also showing
currently the highest resolution in terms of bioprinting
technologies, resolving features in the nanometer range.251 In
two-photon polymerization process, the most common among
multiphoton-based printing, a volume of the resin is irradiated
with a laser of wavelength typically in the infrared region of the
spectrum, which is normally not able to excite the photo-
initiator (which is often chosen among those absorbing in the
365—450 nm range'®”***). Only in the spot where the light is
focused, a two (and per extension multi) photon absorption
event can occur, providing enough energy to trigger local
photo-cross-linking in the sole focal spot. Hence, by scanning a
volume of resin, 3D objects can be generated. Among single-
photon technologies, recently, the concept of volumetric
bioprinting (VBP) using visible light tomographic projection
has been introduced, making it possible to print features inside
any desired region of a volume of a photo polymer.'" In this
technology, the workflow is inspired by that of CT in reverse.
Briefly, applying a tomographic algorithm (e.g, Radon
transform), filtered back projections at different view angles,
are obtained from a 3D CAD design. These are then rapidly
casted using visible laser light and a digital micromirror device
onto a rotating volume of photopolymer. Differently from

layer-by-layer manufacturing, the whole volume of photo-
polymer is exposed at once. The convergence of the light
projections generates a 3D optical field of voxels, in which the
irradiation dosage is above the cross-linking threshold of the
bioresin. Such a mechanism makes it possible to sculpt the
(cell-laden) hydrogel into a 3D construct at once in a time
frame of less than 30 s."'

5.2. Printability and Shape Fidelity in Lithographic
Printing

Because the printing process is entirely based on spatially
controlled light irradiation, photo-cross-linkable materials
mixed with appropriate photoinitiators are necessary, and
most of the requirements for high-shape fidelity printing
revolve around the control over the photo-cross-linking
reaction. Second, a wide array of high and low-viscosity
prepolymer solutions (typically in the range 0.25—10 Pa-s***)
can be easily processed, without the need to exhibit shear-
thinning behavior.”>® In particular, low viscosity inks are
beneficial in SLA and DLP printing, as they can easily flow
under a lifted printed part in bottom-up approaches (or be
placed homogeneously on top of the construct in a top-down
equipment). Such low viscosity hydrogel precursors would
facilitate removal of the unreacted bioink from pores or narrow
negative features within a print, therefore improving the
resolution of the process and reducing printing artifacts.
Currently, several hydrogel systems commonly used in
biofabrication have been adapted for lithographic printing.
These include hydrogel platforms based on chain-growth
polymerization, such as acryloyl-modified poly(vinyl alco-
hol),247 PEG,' 7?7256 PEG—cellulose nanocomposites,257
poly(trimethylene carbonate)-poly(ethylene glycol)-poly-
(trimethylene carbonate),”*® gelatin,”*****7>°" gelatin—poly-
aniline,>*> alginate,Ar7 silk fibroin,*®* pullulan,264 or based on
thiol—ene step-growth polymerization systems, e.g., gelatin—
norbornene”® and allylated gelatin®® that can be used in
combination with several UV*** and visible light photo-
initiators.”*”***> Additionally, besides using photo-cross-linking,
noncovalently cross-linked alginate hydrogels have also been
processed with DLP, via the incorporation of photoacid
moieties in the ink formulation, to tune the rate of ionic bonds
formation between calcium cations and the anionic alginate
chains.**

Shape fidelity is mainly dependent on (i) printing resolution
and (ii) efficiency of cross-linking and structural stability
postprinting. For lithographic and vat polymerization techni-
ques, the theoretical resolution depends on the printing
hardware (minimum feature that the light pattern can resolve),
and it generally ranges from <5 pm in SLA,*** VBP,"! and
DLP**" processes to tens of nanometers for MPP.*” The
minimum volume unit, or voxel, that can be resolved in the
irradiation-cross-linking process, determines the topography
and roughness profile of the surfaces within the printed part.
However, achieving a photopolymerization that is perfectly
confined within the irradiated spot is a major challenge. The
resolution is effectively altered by the absorbance of the bioink
mixture at the irradiation wavelength by the scattering of light
and by the diffusion of the reactive species generated from the
irradiation of the photoinitiators within the bioink mixture.
The combination of these factors could induce undesired
photopolymerization in the proximity of the illuminated spot,
lowering the printing resolution in the x, y plane
(perpendicular to the direction of irradiation) and in the z-
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direction (parallel to the irradiation path). Ideally, inks that
quickly cross-link depleting the generated radicals and display
high light absorption at the irradiation wavelength are
preferred. High absorption is particularly important in DLP
and SLA processes to control the resolution in the z-direction,
which is greatly affected by the curing depth, defined as the
thickness of the gelled ink layer as a function of the irradiation
dosage.”®® As for resins for traditional lithographic printing,
each given bioink formulation can be defined by a minimum
irradiation dosage above which gelation occurs, which is a
function of the type of material, initiator, and concentration of
dissolved inhibiting species (e.g, oxygen for free-radical
polymerization) as well as by its curing depth.”** Ideally, the
curing depth of a given ink should be higher than the layer
height selected for the process to ensure gelation and
integration at the interface between two consecutive layers.
At the same time, light penetration beyond the designed layer
thickness could cause unwanted polymerization of parts that
were initially designed to remain uncured (e.g., pores),
introducing artifacts in the constructs. For this reason, accurate
control over the curing depth is a major requirement in DLP
and SLA printing. While it is possible to reduce light
penetration depth simply through control over the printing
parameters, namely irradiation dosage and wavelength,**® the
bioink mixture can also be tuned via the addition of photo
absorbers. These are nonreactive molecules that exhibit
absorbance at the wavelength of the irradiation source and
therefore compete with the photoinitiators, limiting both light
scattering and overcuring across printed layers (Figure 9C).
Photo absorbers are particularly useful for improving control
over cross-linking for bioprinting purposes, as hydrogels for
cell culture and biofabrication, unlike most conventional photo
resins, are often transparent in the visible and near-visible UV
range. Recent reports have identified biocompatible photo
absorbers, including ponceau red,”*’” nanohydroxyapatite,**’
and melanin nanoparticles.”’” Conversely, photo absorbers are
generally not required in MMP technologies, which are less
affected by light scattering and bleeding across different layers,
causing unwanted polymerization. Shape fidelity and resolution
in MPP is prevalently dependent on the point spread function
of the multiphoton event, which can be controlled by selecting
the design of the laser irradiation and focusing system, and on
the reactivity of the photoinitiator, thus making the selection of
the initiator an important step to modulate resolution.””’

The presence of cells within the hydrogel precursor solution
can also influence the photo cross-linking reaction and can
impact on the mechanical properties of the hydrogel resin,””*
which in turn can result in decreased shape fidelity of the final
constructs. However, to date, the effect of embedded cells on
shape fidelity of bioresins for lithographic printing has received
only little attention and additional research is required.
Sedimentation of cells suspended in the resins is also an
important aspect, in particular, when long printing times or low
viscosity hydrogel precursors are involved. Cell sedimentation
can be prevented either through supplementation of the
bioresin formulation with viscosity enhancers''” or by applying
gentle movement of the build platform between the printing of
each layer.247 Moreover, in contrast to extrusion printing, in
vat polymerization technologies, the unreacted, leftover
bioresin volume needs to be washed away and removed.
Although this can potentially be reused for subsequent prints,
it generally leads to a significant loss of (valuable) cells and
materials.

On the other hand, because the part is immersed in a
(bio)resin volume during printing, the unreacted polymer
supports buoyancy to the cross-linked gel, facilitating the
resolution of highly porous structures and overhanging
architectures, even when little to no support structures are
printed. However, retention of the imposed shape postprinting
can be challenging depending on the mechanical properties of
used hydrogels after gelation. The same considerations on
hydrogels for extrusion-based printing apply, and soft, loosely
cross-linked networks are preferred for cells to thrive.”' These,
however, may not be able to withstand their own weight,
depending on the hydrogel used, and printed porous
architectures may collapse when outside a watery environment.
Moreover, such unstable constructs may have limited potential
in load bearing applications but may be beneficial when
deformable, foldable gels are required, for instance, for
minimally invasive implantation in vivo (e.g, through catheters
or arthroscopic probes),””* provided their intended shape can
be recovered. Co-printing with stiff support structures, a
common strategy in extrusion-based technologies, can be more
challenging with lithographic approaches due to the inherent
complication of printing with multiple materials and because
most formulations of nonhydrogel forming polymers used as
resins carry cytotoxic or harmful compounds.””* Furthermore,
constructs can often be incompletely cross-linked to permit
adhesion between consecutive layers. While this can be
addressed by further curing via light exposure postprinting,
constructs with varying degree of cross-linking can be
obtained, tuning their mechanical properties, and therefore
structural stability. This aspect needs to be taken into account,
as it directly influences the tendency of the printed material to
swell in aqueous media, which would in turn affect the overall
shape fidelity.”*® This phenomenon, depending on the curing
depth of the ink and its extent of penetration within an already
printed layer, has also been exploited to generate scaffolds with
gradients of mechanical properties across the z-direction.””®
Due to the potential risks in terms of cytocompatibility of
unreacted functional groups and poor control over reactivity
postprinting, alternative strategies to create gradients, for
instance, multimaterial printing, could be preferable.””® Finally,
similarly to most layer-by-layer additive manufacturing
technologies, the printed construct tend to exhibit an
anisotropic mechanical resistance, as printed parts tend to be
weaker when subjected to forces parallel to the printed layers,
depending on the adhesion strength between each layer.
Moreover, layerless biofabrication methods, like VBP generate
materials with smooth surface features and continuous
structures, and therefore do not display such mechanically
weak junctions throughout the print."" In addition, in the field
of lithographic printing of bioinks, the development of fast
printing approaches with higher lateral resolution has been
demonstrated via the continuous liquid interface production
printing.””” This variation of DLP and SLA technology takes
advantage of the use of inks based on acryloyl chemistry, in
which chain polymerization reaction can be inhibited by the
presence of oxygen species. Introducing an oxygen permeable
membrane between the vat and the optical window used for
irradiating the resin permits avoiding cross-linking at the
bottom of the material reservoir, and therefore detaching the
printed part rapidly, with minimal forces, enabling a much
rapid, nearly continuous printing process.”’® With such an
approach, the integration between consecutive layers is
facilitated, giving rise to structure with superior mechanical
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stability compared to conventional layer-by-layer additive
manufacturing.””” While oxygen inhibition can be the cause
for inadequate cross-linking and hampering shape fidelity,
spatially controlled presence of oxygen species within a printed
geometry have been purposely used to create hydrogel
structures with local differences in mechanical stiffness. For
instance, PEG dimethacrylate constructs with vertically
oriented pillars, displaying different elastic modulus were
printed, creating gels that can bend easily in the areas laden
with soft gillars, which can have application as hydrogel-based
actuators.””” Overall, tuning all the above-mentioned param-
eters is paramount to improve shape fidelity in lithographic
approaches.

Postfabrication shape fidelity assessment can be complex
with conventional microscopy techniques, as lithographic
approaches are often used to generate convoluted constructs,
which have geometrical features difficult to image. 3D imaging
methods, such as CT, can however aid in the assessment of
volumetric shaped fidelity and mismatch between CAD designs
and finalized prints. Finally, technologies able to detect
printing defects on-the-fly (and thus possibly providing
feedback to correct printing defects), which are now appearing
in the field of extrusion printing (e.g., live scanning of the
printed parts), could be readily applied to lithographic
techniques.

6. CONCLUSION AND OUTLOOK
In the field of biofabrication, cell-friendly hydrogels and soft

materials remain among the most studied and promising
scaffolding and structural components in many bioink
formulations. Differently from conventional engineering
materials, such as thermoplastic polymers, metals and ceramics
used in the AM industry, the limited structural stability of
hydrogels, high water content, and viscoelasticity pose a major
challenge toward the bioprinting of constructs which display
accurate and highly porous geometries, as often sought in
regenerative medicine. The challenge of achieving structures
with high shape fidelity to closely mimic native tissues has been
a major focus for many researchers,***°~>** and the field is
now looking toward how such architectural control can be
exploited to capture the functionality of biological tissues.”

Although there is consensus on the importance to accurately
control high-resolution features in 3D bioprinted tissues, to
date, “printability” remains a widely used yet poorly defined
term, often employed to address, for example, extrudability,
filament formation (in extrusion printing), and shape fidelity
and retention over time. Notably, most reports in the literature
still describe qualitative screenings of printed structures from
macroscopic imaging. This often provides subjective observa-
tions and does not aid to reproducibly assess how a given
bioink performs in terms of reproducing the CAD models from
which the print is originated. Hence, several key aspects, only
initially explored in the past years, will need to be embraced in
order to improve the design of new bioinks and printing
strategies. These include automated analysis systems, quanti-
tative models, and understanding of the constitutive role of
rtheology in defining printability.

Automation of the fabrication of cell-laden products is a key
advance introduced by bioprinting methods, with potential to
improve resolution and reproducibility of bioengineered
tissues. Yet, bioprinting is still struggling to introduce
automated approaches to provide a rapid assessment of
printing quality into its toolbox, as well as a feedback loops

to the printing hardware to mitigate, mend, and correct
potential printing artifacts. Such feedback loops can be
envisioned as a powerful tool for moving achievements in
the field of biofabrication toward clinical application. Some
encouraging steps have been taken related to the cou;)ling of
printers with imaging systems for direct monitoring,"”*'** as
well as related to using artificial intelligence algorithms that can
improve printing resolution.”’> A key challenge in this quest
for the automation of fabrication, remains the lack of criteria
used to assess what makes a “good” and a “bad” print.

Critically, there is currently no consensus on how to grade
printability and, more importantly, on how to objectively and
quantitatively describe shape fidelity. Such frameworks should
be developed, possibly by a wide, interdisciplinary panel of
experts in bioprinting, biomaterials, engineering, polymer
physics, and biomedical specialist. Importantly, several authors
have independently proposed set of tests that make use of
geometrical descriptors to analyze pores and printed struts and
how their dimensions relate to the intended CAD designs.*® A
further step in this direction consists in systematically
understanding the role of specific rheological properties and
parameters on shape fidelity. Quantitative models that attempt
to link effects and deformations in as-printed structures, which
result in printing artifacts and loss of shape fidelity, to
rheological parameters, including storage modulus, loss
tangent, yield stress, viscosity, and elastic recovery are being
developed. As simple, initial steps in the bioink development
process, tests observing the properties of individual filaments
can be envisioned and the wider adoption of such simple,
reproducible methodology can aid to compare objectively the
resilience of a given ink to deformations. Furthermore, such
simple analysis can be enriched with the introduction of more
complex morphometric assessments (e.g., using CT imaging),
which, unlike microscopy and photo/videography, can better
visualize and measure how stacked struts form 3D structures
with the desired dimension.

To date, attention has been given to filament formation,
uniformity upon extrusion, filament collapse, and fusion under
gravity and surface tension-driven deformations, phenomena
that impair extrudability, as well as resolution and designed
porosities in 3D constructs.”®'**'* These quantitative,
objective assessments offer a set of reproducible, simple tests
to compare the performance of different bioinks, as well as to
improve reproducibility of prints across different laboratories.
Moreover, mathematical models based on rheological and
printing parameters (needle, pressure, speed) can further aid
the refinement of the optimal printing conditions.'**'”*
Further development of such in silico models based on
rheology and hydrogel physics can lead toward the establish-
ment of predictive algorithms that can provide insight on the
shape fidelity that can be achieved with a given bioink.
Additionally, it should also be taken into account that
postprinting processing could result in deviations from the
originally designed shape (e.g, via hydrogel swelling or
shrinking”*****). This is of particular relevance in approaches
termed “4D printing”, in which the construct alters its
geometry over time, in response to specific stimuli,”*> >

Overall, a quantitative toolkit to assess printability could be
used to generate an initial library of bioinks and their predicted
printing resolution and fidelity. Such a database could aid the
selection of the most appropriate material for each targeted
application, including inks that show poor printability and
limited ability to produce 3D patterns. In fact, it should be
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reminded that, even though architectural organization provides
important stimuli for tissue maturation, the required level of
resolution to achieve functional bioprinted constructs is still
unknown, and that mimicking every facet of a living tissue,
down to its single cell resolution, may be unnecessary.”® If
propetly instructed by the printed niche and materials, the
ability of cells to self-organize could in fact help to bridge the
gap toward tissue functionality.”"**

Moreover, as the field of biofabrication evolves, new
technological solutions are being brought forward. Some of
these, instead of focusing on optimizing bioink design, aim to
modify the printing environment to permit the high shape
fidelity printing of hydrogels and cell suspensions that would
otherwise not be able to sustain their own weight, for instance,
via suspended bath printing® or microfluidic dispensing
nozzles.””” Likewise, despite the major focus in the field has
been on extrusion-based bioprinting, lithographic and light-
based biofabrication methods, including SLA, MPP, DLP, and
VBP, are maturing and it is likely to expect that these
techniques will play a more prominent role in the field. In
particular, as with these approaches, in contrast to extrusion-
based techniques, 3D objects with convoluted biomimetic
architectures can be created using low viscosity materials.
Although prediction of shape fidelity in these cases will require
more refined (in silico) models, methods to assess shape fidelity
in extrusion printing can easily be transferred to these
lithographic and light-based approaches. Overall, significant
steps have been taken in the evaluation of extrudability,
printability, and shape fidelity in bioprinting, which is also
driven by understanding the correlation between shape fidelity,
rheological, and physicochemical properties of bioinks.
Combining theoretical models and straightforward quantitative
tests will in our view be an important and powerful step toward
further improving shape fidelity of extrusion-based bioprinted
constructs, which will further help toward the generation of
functional living tissue models and grafts.
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ABBREVIATIONS

3D = three-dimensional

AM = additive manufacturing

CAD = computer-aided design

CT = computed tomography

DLP = digital light projection

DMD = digital micromirror device
ECM = extracellular matrix

FDM = fused deposition modeling
FRESH = freeform reversible embedding of suspended
hydrogels

HRP = horseradish peroxidase

H,0, = hydrogen peroxide

MPP = multiphoton polymerization
OCT = optical coherence tomography
PCL = poly(é-caprolactone)

PLA = polylactic acid

PEG = polyethylene glycol

SLA = stereolithography

VBP = volumetric bioprinting
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