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Abstract

Bioprinting is a key technique to fabricate cell-laden volumetric constructs with controlled
geometry. It can be used not only to replicate the architecture of a target organ but also to produce
shapes that allow for the mimicry, in vitro, of specific desired features. Among the various materials
suitable to be processed with this technique, sodium alginate is currently considered one of the
most appealing because of its versatility. To date, the most widespread strategies to print
alginate-based bioinks exploit external gelation as a primary process, by directly extruding the
hydrogel-precursor solution into a crosslinking bath or within a sacrificial crosslinking hydrogel,
where the gelation takes place. In this work, we describe the print optimization and the processing
of Hep3Gel: an internally crosslinked alginate and ECM-based bioink for the production of
volumetric hepatic tissue models. We adopted an unconventional strategy, by moving from the
reproduction of the geometry and the architecture of liver tissue to the use of bioprinting to
fabricate structures that can promote a high degree of oxygenation, as is the case with hepatic
tissue. To this end, the design of structures was optimized by employing computational methods.
The printability of the bioink was then studied and optimized through a combination of different
a priori and a posteriori analyses. We produced 14-layered constructs, thus highlighting the
possibility to exploit internal gelation alone to directly print self-standing structures with finely
controlled viscoelastic properties. Constructs loaded with HepG2 cells were successfully printed
and cultured in static conditions for up to 12 d, underlining the suitability of Hep3Gel to support

mid/long-term cultures.

1. Introduction

Extrusion-based 3D-bioprinting (EBB) is rapidly
emerging as a potent application of additive manu-
facturing processes in the field of life sciences. The
ability to rapidly fabricate highly reproducible cell-
laden constructs, characterized by controlled geo-
metry and porosity, is progressively being under-
stood as a key opportunity both for regenerative

medicine applications and for the production of com-
plex in vitro models [1-4].

Additionally, the shape is not the only para-
meter that can be customized and tailored when
exploiting EBB approaches. One of the most inter-
esting aspects related to this fabrication technique
is directly linked to the wide choice of materi-
als (usually in the form of hydrogels)—and com-
bination of them—that can be exploited to tailor

© 2023 The Author(s). Published by IOP Publishing Ltd
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application-based bioinks, thus enabling a complete
control over the fate and behaviour of cultured cells
through time [5-8]. Among them, sodium alginate
currently represents an extremely popular candidate
[9, 10]. This natural polysaccharide is extracted from
brown algae, is highly soluble in water, and, due to
the negative charges on its macromolecular chains,
can be chemically crosslinked through the expos-
ure to divalent cations (usually Ca®* ions) [11].
Alginate hydrogels can also be produced both by
external and internal gelation and their viscoelastic
properties can be tuned by directly acting on the
formulation [12]. These aspects, together with the
ability of alginate hydrogels to support the growth of
embedded cells, have contributed to their recognition
as flagship materials for biofabrication approaches
[13, 14].

When processed with EBB, alginate-based bioinks
are usually crosslinked by external gelation. To this
end, the hydrogel precursor solution is extruded
within a crosslinking bath, or within a sacrificial
supporting hydrogel, where Ca?* are dissolved and
as such being immediately available. This causes
the instantaneous transition from ‘sol’ to ‘gel
phase [15-18]. Conversely, in the field of bioprint-
ing, internal gelation has only been proposed as a
pre-crosslinking strategy intended to improve the
printability of alginate-based inks [19]. Internal,
as opposed to external, gelation relies on trigger-
ing the progressive release of the Ca** ions that are
already homogeneously dispersed throughout the
hydrogel precursor, not being directly available, thus
achieving the gelation [20]. One of the most com-
mon strategies to produce alginate hydrogels with
this technique involves suspending CaCO; within the
hydrogel precursor and then dissolving it by lower-
ing the pH, thus enabling the progressive release of
Ca’" ions [12]. As a result, the internal gelation pro-
cess allows to fully control the crosslinking kinet-
ics of the hydrogel, as these kinetics are themselves
directly related to the speed at which the divalent
cations are released. This property makes internally
crosslinked alginate hydrogels particularly appeal-
ing for biofabrication as it allows to tailor the rate
at which the final viscoelastic properties are reached,
thus functioning as dynamic materials that are poten-
tially suitable for reactive bioprinting approaches
[21]. Additionally, with internal gelation, the cross-
linking ions are released throughout the volume of
the hydrogel precursor and, as a consequence, these
hydrogels are characterized by a homogeneous degree
of gelation throughout their structure. This avoids the
uncontrolled formation of crosslinking gradients or
core—shell structures which are typical of externally
crosslinked hydrogels [20, 22, 23]. In this sense, the
possibility to exert complete control over the vis-
coelastic properties of internally crosslinked alginate
hydrogels makes them particularly interesting for
applications in which constructs need to replicate
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a mechanical environment, as in the fabrication of
in vitro models [24].

Aiming to fabricate macroporous cell-laden con-
structs we propose, in this paper, a systematic and
lean methodology which is designed to optimize the
printability of Hep3Gel, and which considers the pos-
sibility of reactively bioprinting it. Starting from the
choice and the design of the to-be-printed geometry,
the described methodology is partitioned into three
different phases which are linked in a feed-forward
chain. The first constitutes an a priori study of print-
ability. Evidence obtained at this stage is the starting
point for the subsequent phase, during which simple
planar geometries are printed, implementing differ-
ent combinations of parameters. The most prom-
ising combinations then enter the last phase which
includes the printing of the full geometry, allowing
to refine the remaining parameters and to determine
the optimal printing configuration. The tuned print-
ing set-up is then implemented to produce cellular-
ized constructs to be cultured in static conditions.

2. Experimental section

2.1. Materials

Alginic acid sodium salt, D-(+)-glucono-delta-
lactone (GDL), calcium carbonate, calcium chloride,
and Alamar blue were acquired from Sigma-Aldrich
(US). E-MEM with Earl’s salt, fetal bovine serum,
sodium pyruvate, and penicillin—streptomycin were
acquired from Euroclone (IT). Trypan blue was
acquired from Gibco (US), and Live/Dead kit
was acquired from Invitrogen (US). HepG2 cells
at passage 22 were kindly provided by Istituto
Zooprofilattico Sperimentale della Lombardia ed
Emilia Romagna ‘B. Ubertini’

2.2. Methods

2.2.1. Design of the geometry and oxygen diffusion
Two major requirements were considered when
designing the geometry of the constructs. First, the
dimensions of the constructs should have facilit-
ated their printing and culturing directly within a
12-well plate. Given these, a cylindrical geometry
measuring 10 mm in diameter and 3 mm in height
was designed with Inventor” (Autodesk, US). Then,
the geometry of the scaffold should have promoted
the homogeneous exchange of oxygen and nutri-
ents throughout the volume of the construct, even in
its inner regions. Additionally, aiming not to over-
stress cultured cells, the threshold to reach the oxy-
gen equilibrium was set equal to 30 min. Aiming to
a priori validate the designed geometry, we ran mul-
tiphysics computational simulations (computational
fluid dynamics and mass transport analysis) with the
COMSOL Multiphysics® software (COMSOL Inc.,
US). Simulations relied on the ‘Transport of a Diluted
Species’ physics module in the transitory state (0, 10,
30 min). Mass transport equations (equations (1)
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Table 1. Parameters implemented for the computational
simulation of the oxygen distribution [25].

Parameter Value

Oxygen diffusion coefficient in the 2% 1077 [m?s™!]

medium

Oxygen diffusion coefficient in the 2% 1077 [mTz]
construct

Cp in the medium 0.195 [molm ™3]
Density of culture medium at 37 °C 1000 [Kgm_s]

and (2)) were implemented in the model together
with the parameters listed in table 1

3Ci _
Ji=—D;Vc; (2)

where J; is the oxygen flux, the reaction term was set to
null (R; = 0) in the control volume and D; is the oxy-
gen diffusion coefficient in the medium. As boundary
conditions, the initial oxygen concentration Cj in the
medium was set as shown in table 1, and null oxygen
concentration was set in the construct.

2.2.2. Preparation of the bioinks

Hep3Gel was produced through alginate internal
crosslinking, as previously described [20]. Then,
immediately after the addition and mixing of GDL,
samples were loaded into 3 ml pneumatic bioprint-
ing cartridges (CELLINK, SE), capped with a 0.22 ym
luer-lock syringe filter (Primo Filters, Euroclone, IT),
and incubated until needed at 37 °C, 95% humidity,
5% CO,.

Two other hydrogels, the first one made with
alginate only (ALG), and the second one made of a
blend of alginate and gelatin (GEL), were produced
as previously described, processed in the same way as
Hep3Gel, and used as controls [20]. All the hydrogels
described in this study were produced through algin-
ate internal gelation, a detailed insight on the process
to produce them is illustrated in figure S1.

2.2.3. Time-dependent rheological characterization

Beginning with an awareness of the crosslinking kin-
etics of the materials under consideration, their vis-
coelastic properties were characterized during the
crosslinking process at different time-points, from the
beginning of the reaction onwards (3 h, 4 h, and 5 h)
with frequency-sweep tests performed with a modu-
lar rheometer (MCR502e, Anton-Paar, AT) equipped
with a 25 mm parallel plate geometry (Serial number:
52890, Anton-Paar, AT). After having assessed that no
slippage was occurring between the plates, analyses
were performed in the frequency range 0.1-20 Hz,
with a 0.5 mm gap between plates, and imposing a
constant 0.5% shear-strain amplitude, well within the
linear range. The temperature was set at 37 °C and
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controlled with a Peltier’s plate and hood system. The
final viscoelastic properties of the Hep3Gel and con-
trol materials at the end of crosslinking (24 h after
the beginning of the reaction) has been previously
reported [20].

The crosslinking kinetics of the hydrogels were
characterized by measuring the moduli G’ and G”
at different time points from the beginning of gela-
tion, including the end of crosslinking (0-1-2-24 h).
Measurements were performed at the constant fre-
quency of 1 Hz, applying a 0.5% shear strain. These
tests were carried out both at 24 °C and 37 °C to
investigate the possible impact of temperature on
the kinetics or on the final viscoelastic properties of
materials.

2.2.4. Microstructural characterization of bioinks

The frequency-dependent response of the viscoelastic
properties of each hydrogel was interpreted by apply-
ing the generalized Maxwell’s model (GMM) at dif-
ferent time-points from the beginning of crosslink-
ing (3h,4h, 5h, and 24 h), allowing us to understand
the microstructural evolution of the hydrogels during
gelation. The microstructure was reported in terms of
the mesh size, . This parameter gives an estimation
of the distance between two adjacent crosslinking sites
on the same macromolecular chain.

The frequency-sweep analyses carried out in the
linear viscoelastic regime can be interpreted through
the GMM, which consists of n Maxwell’s elements
linked in parallel. Each element is composed of one
spring (elastic component) connected in a series to
one dashpot (viscous component). These two com-
ponents are characterized by a specific modulus G;,
and viscosity 7;, respectively. As already reported, the
relaxation times \; = Gj/7;, of each Maxwell ele-
ment were progressively scaled by a factor of 10 (e.g.
A; = 10-\;41) and a pure elastic element (with relax-
ation time G,) was linked in parallel with the other
Maxwell’s elements [26-29].

By applying this model, the dependence of G’
and G” from the frequency can be predicted with
equations (3) and (4)

G' =G+ iG»i(m")z (3)
‘ im1 1 (wA;)®
1 - (w>‘i)2
G =S "G 27
; 14 (whi)? )

where w is the angular frequency, and \; and 7); are
the relaxation time and viscosity associated with the
ith Maxwell’s element, respectively. It is important to
underline that it was possible to apply these equations
because all the materials had already crossed the gel-
point at the considered time-points (G > G”). If
this condition is not satisfied the GMM cannot be
applied since a crosslinking network would not yet
have formed.
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The microstructure of the inks was then estim-
ated by exploiting the model to fit data from
the frequency-sweep tests. It was found the num-
ber of Maxwell’s elements minimizing the error
between the theoretical results and experimental data
(equation (5))

Error = (n+42) - x? (5)

where x? is the Chi-squared error, # is the number
of Maxwell elements, which varies from 1 to 10, and
n + 2 is the number of parameters describing the
GMM.

G, and G;, obtained by the fitting (equations (1)
and (2)), were combined to compute the fully relaxed
shear modulus (G ), as in equation (6)

Goo = Ge+ zn:Gz (6)

where 7 is the number of Maxwell’s elements min-
imizing the error and fitting the frequency curves.
Goo can be then related to the microstructure of the
materials by exploiting the theory of rubber elasticity,
as in equation (7)

[ 6RT

[ ———— 7
WNAGOO ( )

§ P
where R is the universal gas constant, T is the absolute
temperature, N is the Avogadro constant and £ is the
estimated mesh size. All these computations were car-
ried out in MATLAB R2022a (MathWorks, US).

2.2.5. Time-dependent a priori assessment of
printability

Two different rheological analyses were performed
with the same geometry, gap and temperature levels
that were used for the tests described in section 2.2.3.

To be tested, samples were retrieved from the cart-
ridges 3 h, 4 h, and 5 h after the beginning of the cross-
linking process and loaded on the rheometer plate. In
this way, samples were analysed during crosslinking.
Homologous tests on samples at the end of crosslink-
ing (24 h after the beginning of the reaction) were pre-
viously carried out [20].

The first test (yielding test) was performed by
imposing a shear-stress amplitude sweep, in the 0.1
100 Pa range, carried out at the constant frequency of
1 Hz, with a 0.5% shear-strain amplitude. The second
test (recovery test) was divided into three different
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experimental steps, with samples firstly undergoing
a constant 0.5% shear-strain amplitude, at the con-
stant frequency of 1 Hz for 2 min; samples were then
tested for a further 2 min with a 100% shear-strain
amplitude at the constant frequency of 1 Hz; finally,
a 0.5% shear strain stimulation was carried out for
3 min at the constant frequency of 1 Hz.

2.2.6. 3D-printing of mono- and bi-layered geometries
Cartridges were loaded into controlled temperat-
ure pneumatic printheads (Standard 3 ml pneumatic
printhead, serial number: 01348, CELLINK, SE), and
mounted on a pneumatic bioprinter (BIO X, serial
number: 181428 CELLINK, SE). Unless stated oth-
erwise, the printhead temperature was always set at
equal to 37 °C. In principle, all tests were performed
with a 12.7 mm long 22 G nozzle (CELLINK, SE) 3 h,
4 h, 5 h, and 24 h from the beginning of crosslinking.

Firstly, the pressure was varied until the minimum
pressure (Mp) required to vertically extrude a con-
tinuous filament of Hep3Gel was identified. 2 cm long
fibres were then printed on a glass coverslip with the
printhead moving at 5, 6, 7, 8, and 9 mm s~ 1, and
adopting for each speed both Mp and Mp + 5 kPa. The
Fibres were then observed with an optical microscope
(BH-2, Olympus, JP) and their diameter was meas-
ured with FIJT in 15 different random points [30].
These measurements were used to compute the uni-
formity coefficients (U), as in equation (8)

U= Ll (8)
Lideal
where Ligeq is the ideal diameter of a straight and
homogeneous fibre, coinciding with the internal dia-
meter of the nozzle (0.410 pum for the 22 G, and
0.250 pm for the 25 G).

Planar cross-sections of the full geometry valid-
ated from section 2.2.1 were then printed with the
same printing parameters that were used to print
fibres. In particular, 1 cm in diameter, bi-layered
circular grids were printed with a 10% infill dens-
ity, adopting a grid infill pattern. These geometries
were then photographed from above with a high-
resolution camera (iPhone 12 Pro Max, Apple Inc.,
CA, US) and with a transmitted light optical micro-
scope, with a 4X magnification. Perimeters and pores
were then measured (with FIJI) to compute the peri-
meter coefficient (P,) and the pore coefficient (P,),
according to equations (9) and (10), respectively

1

P, =

|

1 L L 1 SDy, SD
b (i) i e foes (e e )

9)
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where Ly, and Ly, are the theoretical lengths of the
horizontal and vertical sides. Ly, and Ly, are the aver-
age lengths of the horizontal and vertical printed sides
and SDy, and SDy, are their standard deviations

(Pore Perimeter)”

P =077T—-+———~
47 x (Pore Area)

(10)
where 0.77 is a shape-dependent coefficient determ-
ined as shown in supplementary materials, coherently
and with a previously determined formula [31].

These data were then combined, as shown in
equation (11), to calculate the printability coefficient
(P) aiming to quantify the printability of hydrogels

3
P=——. (11)
L, 1 1

This same multi-parametric analysis was then
carried out with 12.7 mm long 25 G cylindrical
needles and 32 mm long 25 G conical nozzles
(CELLINK, SE), but only on samples that had been
crosslinked for 24 h.

2.2.7. 3D-bioprinting of full-sized constructs

From the analyses of coefficients described in
section 2.2.5, it was possible to identify the most
effective combinations of time-point (i.e. time from
the beginning of crosslinking), extrusion pressure,
printhead speed, and type of needle required. These
combinations of parameters were adopted to print
the fully designed geometry, and the focus was put
on adjusting printing parameters in order to avoid a
structural collapse during the printing process. To this
end, pre-flow time, heights of layers, and infill density
were adjusted until reaching the structural integrity
of the printed construct. At this stage, we determined
the optimal combination of printing parameters.

2.2.8. Resolution of the optimized process

Once the printing process was optimized for each
of the examined bioinks, the resolutions—the min-
imum distance at which two contiguous fibres can
be printed without merging—were analysed by print-
ing a serpentine with a decreasing curvature radius
(5 mm, 2 mm, 1 mm, 0.7 mm, 0.5 mm, and 0.4 mm),
and measuring the distance between adjacent fibres
with FIJI.

2.2.9. Viscoelastic properties of printed constructs

The viscoelastic properties of constructs produced
with Hep3Gel, GEL and ALG were measured at differ-
ent time-points after printing (0 min, 15 min, 30 min,
45 min, and 60 min). 25 mm x 0.7 mm cylindrical
constructs with a 100% infill density were directly
printed into disposable rheometer dishes (EMS/CTD
600, Anton-Paar, Cat. #4847, AT), with the optimal
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printing parameters determined as described in
section 2.2.6. Samples were tested at 37 °C with the
rheometer mounting the 25 mm plate-plate geometry
by the means of frequency-sweep tests, in the 0.1-
20 Hz frequency range, with a constant 0.5% shear-
strain and a 0.5 mm gap between plates.

2.2.10. Post-processing of Hep3Gel and control
materials

The possibility to cure printed constructs immedi-
ately after their printing was also explored. To this
end, solid cylindrical samples measuring 25 mm in
diameter and 0.7 mm in height were printed with each
ink, by adopting the full set of optimized printing
parameters, as determined in section 2.2.7. The adop-
tion of solid geometries for carrying out these ana-
lyses was mandatory, since the macropores that char-
acterize the shape designed for cell-laden constructs
might lead to the formation of gaps between the
plates of the rheometer, thus impairing the measure-
ments. These samples were treated with 0.1%, 0.5%,
and 1% (w/v) solutions of CaCl, in complete HepG2
medium. After 30 s the CaCl, solution was removed,
samples were rinsed with fresh medium and finally
tested through frequency-sweep analyses in the fre-
quency range 0.1-20 Hz, imposing a constant shear-
strain of 0.5%. For these tests temperature was set
equal to 37 °C, and controlled with a Peltier’s plate
and hood system.

2.2.11. Cell culture and embedding

HepG2 cells were kindly provided by the ‘Istituto
Zooprofilattico Sperimentale della Lombardia e dell’
Emilia-Romagna’ Cells were cultured and expan-
ded in HepG2 complete medium, composed of E-
MEM with Earl’s salts, 10% (v/v) fetal bovine serum
(FBS), 1% (v/v) Na-pyruvate, 1% (v/v) Glutamine,
and 1% (v/v) penicillin-streptomycin (Lonza, Lot.
#2MBO027, BE). During the whole expansion process,
the medium was refreshed every 48 h. After a suitable
number of cells was reached, they were detached with
trypsin (Lonza, Lot. #4MB146, BE), and embedded
before crosslinking within pre-hydrogel solutions at
the final concentration of 3 x 10° cells ml~!, as pre-
viously described [20].

2.2.12. Viability analyses and static culture

Cellular viability was measured at different stages.
HepG2-loaded Hep3Gel, GEL and ALG were used
to print full-sized constructs, according to the
optimal printing parameters given in section 2.2.6.
Immediately after printing, the constructs were cured
for 30 s with a 0.1% (w/v) CaCl, solution in a com-
plete HepG2 medium. They were then rinsed with,
and then immersed in fresh medium and finally
incubated at 37 °C, 95% humidity, and 5% CO,.
Cell viability was then quantitatively evaluated with
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an Alamar blue assay 4 h after the printing and after
3,6, 9, and 12 d in culture. Quantitative measure-
ments of the viability were carried out by incubating
the constructs for 24 h in a 10% (v/v) solution of
Alamar blue in EMEM medium. After 24 h incuba-
tion results were obtained by reading the ODgpg.g90
with a spectrophotometer (ClarioStar, BMG Labtech,
DE) [32]. During this experiment, the medium was
refreshed every 24 h. Quantitative viability results
were obtained by normalizing the obtained data as a
percentage of the values after 4 h.

Qualitative viability measurements were per-
formed immediately after the printing and on the
15th day in culture via confocal laser scanning micro-
scope (CLSM) (SP8, Leica, DE) fluorescence observa-
tions with a 20X magnification. To this end, scaffolds
were stained with a Live/Dead kit (Invitrogen, US)
according to the producer’s protocols. Images were
acquired exploiting the Leica proprietary navigator
tool, aiming to provide a more general view of the
samples.

2.2.13. Statistical analyses

All experiments were carried out at least in technical
duplicate and on at least two independent batches.
Data are expressed as mean =+ standard deviation
(SD). SDs are reported as bars or as ranges, depend-
ing on the graph type; where not visible, error bars are
graphically smaller than plotted symbols. Normality
tests were performed to assess the Gaussian distri-
bution of data and #-tests, or Mann—Whitney tests
were used to compare two groups of data, depending
on their being normally distributed or not. Two-way
ANOVA with Bonferroni correction was used to run
multiple comparisons. Data representation and stat-
istical analyses were carried out with GraphPad Prism
(GraphPad Software, Inc., CA, US), release 9.0.2.
Different degrees of significance were considered (ns
p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001,
#E < 0.0001).

3. Results

3.1. 3D-bioprinting to enhance oxygen diffusion
Numerical simulations were performed to assess the
degree of oxygenation that can be reached by static-
ally culturing constructs which are characterized by
the designed geometry. These results were compared
to those obtainable by statically culturing constructs
characterized by null porosity levels throughout their
structure (figure 1).

During these simulations the equilibrium was
reached after 30 min. Data related to the time-
dependent oxygenation profile during the transit-
ory phase (from time = 0 min to time = 30 min)
are reported in supplementary materials (figure S2).
This analysis shows significant differences between
the two geometries and highlights that the adoption
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of amacroporous structure facilitates the oxygenation
of the constructs. Conversely, the non-porous scaf-
folds were characterized by a decreasing gradient of
oxygenation from the peripheral regions to the centre.
Quantitatively, once the equilibrium is reached, the
macroporous geometries are up to 3—4 times more
oxygenated than the non-porous geometries. The
successful establishment of a homogeneous degree
of oxygenation within 30 min, with the values of
O, concentration in the printed constructs being the
same as in fresh medium, validates the designed geo-
metry. In light of this, the printing of the engin-
eered bioinks will be optimized around this specific
shape.

3.2. Time-dependent viscoelastic properties and
microstructures of the bioinks

The time-dependent viscoelastic properties of
Hep3Gel and control materials were measured in
terms of conservative modulus (G) and loss modulus
(G"). This was done during the crosslinking of hydro-
gels, at different time-points from the beginning of
gelation (figures 2(a)—(c)).

Results from these frequency-sweep tests show
that, at the examined time-points, Hep3Gel, GEL and
ALG samples have already crossed the gel-point, being
their conservative modulus G’ greater than their loss
modulus G”. Tt was also possible to observe vari-
ations in viscoelastic properties. It is notable that G/
increased through time whereas almost no variations
were recorded for the loss modulus G”. This beha-
viour is also highlighted by the progressive decrease
of the loss factor tand in each of the samples that were
examined (figure 2(d)). The data obtained by apply-
ing the GMM clearly indicate that mesh size (i.e. the
average distance between two contiguous crosslink-
ing sites) decreased over time (figure 2(e)). This trend
was barely noticeable for the GEL and ALG samples
but was considerably more evident in the Hep3Gel
results.

This behaviour is consistent with the overall trend
of the viscoelastic properties of Hep3Gel, GEL, and
ALG as a function of time. From figure S3 it is clear
that the GEL and ALG share extremely similar cross-
linking kinetics, reaching the gel-point after about 1 h
from the beginning of the crosslinking. Differently, in
the case of Hep3Gel the progression of the gelation is
delayed, and the transition from ‘sol’ to ‘gel-phase’ is
reached after roughly 2 h from the beginning of the
reaction. However, this recorded delay does not affect
the final properties of Hep3Gel, that are comparable
to those recorded for the controls.

Additionally, no significant differences were
recorded between measurements of G’ and G” at 24
and 37 °C. This fact does not only indicate that in the
considered temperature range the viscoelastic beha-
viour of hydrogels is independent from temperature,
but also indicates that—at the concentration adopted
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to produce GEL—gelatin is not contributing to the
structure of the crosslinking mesh. Generic secondary
interactions would be affected by the temperature
changes. The independency from temperature of the
viscoelastic properties of all the materials indicates
a successful stable crosslinking, within the temper-
ature range of interest for producing hydrogels and
culturing cells.

3.3. Optimization of the printing parameters
3.3.1. A priori assessment of the printability
Data from the shear stress amplitude sweep (yielding
test) highlight that at each time-point, and for all the
materials, there is a determined shear stress amplitude
at which G” starts prevailing over G'. This indicates
that under such stresses the material begins to behave
like a fluid rather than as a solid (figures 3(a)—(c)).
The recovery test (figures 3(d)—(f)) on the other
hand indicated that, at each of the examined time-
points, Hep3Gel and control materials can recover
their original viscoelastic properties more-or-less
progressively, after having undergone a high-strain
deformation.

3.4. Optimization of the printing parameters as a
function of the crosslinking kinetics

The minimum extrusion pressure, defined as the
minimum pressure at which a filament of bioink can
be extruded continuously (figure 4(a)) was determ-
ined for each material, and at each time-point of

interest. These values are characterized by a similar
time-dependent trend for both the Hep3Gel and con-
trol materials. However, while GEL and ALG dis-
play comparable values, especially after 4, 5, and
24 h from the beginning of crosslinking, Hep3Gel is
characterized by lower minimum extrusion pressures
in the early steps, that become progressively more
similar to the ones of control bioinks (figure 4(b)).

The multiparametric analysis of the shape-fidelity
results revealed that, for the examined application,
the printability coefficient P comes progressively
closer to 1 (that is the optimal value for this para-
meter). The difference from the unit value is min-
imized after 24 h from the beginning of crosslink-
ing (figure 4(c)). The detailed results obtained at
each of the considered time-points for the uniform-
ity coefficient U, the perimeter coefficient P,, and
the pore coefficient P, are reported in supplementary
materials (figures S4-S7). Macroscopic observations
of the printed geometries (figures 4(d)—(f)) indicate
the qualitative correlation between values of printab-
ility and the quality of the printed geometries and
highlight the impact of this parameter on printing
quality.

Based on these results, we were able to conclude
that the optimal time-point to print the examined
bioinks was 24 h from the beginning of the crosslink-
ing. Additionally, it was possible to identify for each
material the most promising combination of print-
head speed and extrusion pressure. In this context,
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Figure 2. Time-dependent viscoelastic properties of Hep3Gel and control materials. Viscoelastic properties in terms of
conservative (G’) and loss modulus (G”’) of the engineered hydrogels, measured through frequency-sweep tests after (a) 3 h, (b)
4 h, and (c) 5 h from the beginning of crosslinking. (d) The loss factor tand decreases through time for each of the materials
considered. (e) The size of the crosslinking meshes of Hep3Gel,
parameters of the bioinks with the generalized Maxwell’s model. The rheological behaviour of the materials, as well as their
microstructural features, were characterized as a function of time, at different time-points (3, 4, and 5 h) from the beginning of

GEL, and ALG, computed by interpreting the rheological

it was observed that, for each bioink, the best results
were obtained when the printing was carried out at
the minimum extrusion pressure.

It was, however, impossible to fabricate the
fully sized constructs with the determined printing

parameters since the structures tended to collapse
between 50% and 65% of the fabrication process pro-
gression. This issue was overcome by switching from
the 22 G nozzle to a 25 G one, both in a cylindrical
and conical configuration.
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Figure 3. A priori evaluation of the printability through rheological analyses. Results of the yielding test indicates that all
materials display a flow-point from which G’ prevails over G’ at (a) 3 h, (b) 4 h, and (c) 5 h from the beginning of crosslinking.
Recovery test highlights that after (d) 3 h, (e) 4 h, and (f) 5 h from the beginning of crosslinking, all the hydrogels
can—progressively—recover their original viscoelastic properties after a high strain solicitation.
intervals 1, 2, and 3 are highlighted; they were designed to mimic the inks in the cartridge before the printing, the ink during the
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According to the data obtained when print-
ing with the 22 G needle, the shape-fidelity was
thus characterized after 24 h from the beginning of

crosslinking, using for

each material the previously

determined optimal printhead-speed, in combina-
tion with the minimal extrusion pressure.
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Figure 4. Printability analyses with a 22 G cylindrical needle. (a) The extrusion of a continuous and straight filament is obtained
by implementing the minimal extrusion pressure. Specifically, the image refers to a sample produced with Hep3Gel; the scale-bar
corresponds to 2 mm. (b) Minimal extrusion pressures (Ppi,) measured at the examined time-points for each material.

(c) Heatmaps reporting the values of the printability coefficients (P) for each material, in different combinations of extrusion
pressure and printhead speed, at different time-points. Black squares indicate a condition in which the material could not be
printed due to fibre fragmentation, or to the occlusion of pores. Qualitative outcomes of the printing process with printability
=20.3 (d), printability ~0.6 (e), and printability ~0.9. Each picture refers to a sample fabricated with Hep3Gel, and all the
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These data show consistent differences in terms of
minimum extrusion pressure with a cylindrical and
a conical needle (table 2). Despite this divergence, it
was possible to obtain, for each bioink and with both
set-ups, values close to the unit for each of the com-
puted shape-fidelity coefficients, without any statist-
ically significative differences between the cylindrical
and the conical nozzles (figure 5).

In these conditions, the finer tuning of the print-
ing parameters was achieved through a trial-and-
error approach, leading to the final printing paramet-
ers reported in table 2.

The full set of optimized parameters was then
used to quantify the resolution of the process that
can be reached with Hep3Gel and control materials.

Significative differences were revealed between the
cylindrical and the conical nozzle, with the cyl-
indrical one allowing to consistently reach lower
values (figure 6(a)). This difference, however, did
not influence the printing of the whole 14-layered
constructs. These were produced without structural
issues and without macroscopic defects, at a level
which would impair the designed macroporous struc-
ture, with both the cylindrical and the conical extru-
sion configuration (figures 6(b) and (c)).

3.5. Snap-stabilization of the printed constructs
through external gelation

Rheological analyses were carried out on cylindrical
printed constructs to understand if, and how, the

10
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Figure 5. Multiparametric analysis of the printability with a 25 G nozzle. The picture reports the values of the (a) uniformity
factor (U), (b) pore coefficient (P,), (c) perimeter coefficient (P,
Coefficients were measured on geometries printed both with a cylindrical and with a conical nozzle after 24 h from the beginning
of crosslinking, by implementing for each material its minimal extrusion pressure, and the optimal printhead speed determined
in figure 4 No statistical analyses are reported in panel (c) and (d) since the calculation of these coefficient already considers the
mean and standard deviations of different measurements and provides a single value as output.

), (d) and their combination into the printability coefficient (P).

Table 2. Summarization of the optimized printing parameters for Hep3Gel and control materials.

Parameter
Printhead  Firstlayer = Pre-flow Post-flow  Infill
Nozzle Time-point  Pressure speed height delay delay density
Hep3Gel  Conical (25 G) 24h 24kPa 8mms~' 025mm  022mm 130 ms 13%
Cylindrical (25 G) 24h 104kPa  8mms~ ! 025mm  0.22 mm 130 ms 13%
GEL Conical (25 G) 24h 32kPa  7mms™' 025mm 022mm 130 ms 13%
Cylindrical (25 G) 24 h 126kPa 7mms~!  025mm  0.22mm 130 ms 13%
ALG Conical (25 G) 24 h 26kPa 6mms~ ' 025mm  0.22mm 130 ms 13%
Cylindrical (25 G) 24 h 118kPa  6mms™! 0.25mm  0.22 mm 130 ms 13%

extrusion process might impair the viscoelastic
properties of bioinks. These tests highlight that,
immediately after the printing, all the materials are
subjected to a decrease of up to 25% of their original
viscoelastic properties. In spite of this, the elastic
modulus G is still prevailing over the viscous one
G”, indicating that solicitations experienced by the
materials during the extrusion are not causing their
transition from gel to sol-phase. Additionally, at this
time-point the printed constructs seemed fragile,
and it was almost impossible to handle them without
damage, thus making impossible to safely place them
in culture conditions. Tests carried out on constructs
45 min after their fabrication show that the original

rheological characteristics were recovered, thus reiter-
ating the self-healing behaviour of the Hep3Gel and
control hydrogels (figure 7(b)). At this time-point
the printed constructs were less delicate and could be
handled more easily, without breaking.

However, since this delay could affect the fate of
embedded cells, a post-processing curing step was
then tuned by investigating the impact of CaCl, solu-
tions at different concentrations, the aim was to com-
pensate for such a temporary gap in terms of vis-
coelastic properties. Among the different concentra-
tions of CaCl, considered, it was found that 0.1%
(w/v) is successtful in partially restoring, without over-
crosslinking, the materials (figure 7(c)).

11
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Figure 6. Resolution of the optimized printing process. (a) Measurements performed for Hep3Gel and control materials on the
distances between contiguous fibres of a mono-layered serpentine with increasing curvature radius, providing for each material
the resolution of the optimized printing process, both with cylindrical and conical nozzles. (b), (c) Orthogonal projections of the
full-sized, 16-layered constructs printed with a cylindrical and a conical nozzle, respectively. Samples reported in (b) and (c) were
both fabricated with Hep3Gel; the scale-bars correspond to 5.0 mm.

It was found that this process did not cause
the shrinkage of printed constructs, whose shape
remained stable for up to 12 d in culture conditions,
with no significant differences related to the shape
and dimension of porosity (figure S8).

3.6. Static culture of bioprinted constructs loaded
with HepG2 cells

For the constructs fabricated with Hep3Gel, quant-
itative analyses of indicated a significant increase in
viable cells. From day 6 cells starts to grow consist-
ently, exceeding 200% of viability at day 12. This
trend was not observed in the control materials,
cell viability remained roughly constant through the
whole experiment time course (figure 8(a)). These
quantitative results are supported by CLSM observa-
tions (figures 8(b) and (c)). In the case of Hep3Gel,
it was possible to qualitative observe an increase in

green fluorescence intensity from the initial to the
final time-point. This increase was not observed for
the control materials. Finally, red fluorescence intens-
ity was not seen to increase, in either the Hep3Gel or
in control materials.

4. Discussion

Alginate is currently an extremely popular material
for the production of bioinks, both for commercial
and academic purposes. As such, it is both used as a
standalone material and in combination with other
materials, depending on each specific application
[33, 34].

The most widespread contemporary approaches
to the extrusion-based bioprinting of alginate-based
constructs rely entirely on crosslinking processes
which take place after extrusion, and through external

12
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Figure 7. After-printing rheological behavior of the bioinks and possible post-processing. (a) Methodology followed to test
printed samples; solid cylindric samples were printed with the studied bioinks and tested with the rheometer. The exploiting of
solid geometries was necessary, since the macropores that were designed for cell-laden constructs might have impaired the
analysis by creating gaps between rheometer plates. (b) Frequency-sweep tests show that Hep3Gel, GEL, and ALG temporarily
lose their original viscoelastic properties after being printed. The original viscoelastic features are recovered after 45 min from the
printing, highlighting the self-healing behaviour of the engineered inks. (c) Different options to post-process printed constructs
through external gelation. Among them, it was found that exploiting a 0.1% (w/v) CaCl, solution in complete medium allows to

recover the original properties, without over-crosslinking the materials.

gelation [35]. However, due to the nature of external
gelation itself, this crosslinking method does not
allow to fully control the viscoelastic properties of
the printed construct and leads to the formation of
gradients in terms of crosslinking degree, throughout
the cross-section of the printed fibre, that can even
culminate in the shrinkage of the printed structure.
It was successfully demonstrated that alginate-based
bioinks could be prevented from collapsing by rein-
forcing them through blends with other fillers (e.g.
nanocellulose), thus overcoming this limitations [36].
In this context, internal gelation is not only useful
to enable the full control over the viscoelastic prop-
erties of the inks, but also to reinforce the structure

of the hydrogels, thus preventing them from shrink-
ing. There do remain situations, though, in which the
viscoelastic properties of the printed structure are a
non-negligible requirement, as in cases where the fab-
ricated constructs need to mimic a specific biomech-
anical environment [37—40]. In these cases, internal
crosslinking represents an extremely potent tool,
since it allows to both precisely control the viscoelastic
properties of the bioink and to produce homogen-
eously crosslinked hydrogels [41, 42]. This is possible
because divalent cations sources (CaCOj) are already
present within the pre-hydrogel alginate solutions,
and homogeneously dispersed within them. However,
since CaCOj is not soluble at physiological pH, Ca**

13
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function of the viability after 4 h from the printing. (b) CLSM analyses with live/dead kit staining at day 0. (c) CLSM observation

with live/dead kit on day 12. Scale bars correspond to 350 um.

ions are not available for crosslinking alginate mac-
romolecular chains. The dissolution of calcium car-
bonate, and the consequent release of crosslinking
ions is triggered by the addition of GDL. The hydro-
lysis of this cyclic ester causes the progressive decrease
of the pH, leading to the time-dependent dissolu-
tion of CaCOj3. This mechanism enables slow cross-
linking kinetics, that allow the homogeneous gelation
of the hydrogel throughout its volume [43, 44]. The
dissolution of CaCQOj also leads to the formation of
CO; bubbles inside the cartridge. These can dam-
age the macroscopic structure of the hydrogels, cre-
ating a multitude of breaking points that will neg-
atively affect the printability of the hydrogel, as well
as the fate of embedded cells [45]. This is why,
once loaded with the bioinks, cartridges where not
sealed with caps, but rather with 0.22 pm filters (as

14

described in section 2.2.2), thus allowing the released
CO;, to vent, while maintaining the sterility inside the
cartridge.

In addition to the fine control of viscoelastic prop-
erties, internal crosslinking is characterized by mod-
ulable crosslinking kinetics. This allows to precisely
tailor the gelation rate. As regards the specific for-
mulations of the materials described in this paper,
the amount of GDL is directly related to the dissol-
ution rate of CaCOj3 and so to the crosslinking speed
[46, 47]. In particular, Hep3Gel was designed to be
viable with extremely slow crosslinking kinetics, as
previously discussed [20].

In the case of extrusion bioprinting, dealing with
materials characterized by dynamic rheological prop-
erties represents a double-edged sword. The clear
advantage of this approach is related to the flexibility.
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In this sense, for as long as the crosslinking is pro-
gressing, it is like having a different available material
at each time-point. Consequently, depending on the
specific application, this allows to begin processing
the ink at the exact moment in which it displays the
optimal viscoelastic properties: an approach which is
currently known as reactive bioprinting [21]. On the
other hand, the presence of the time as an additional
parameter to be considered during the optimization
introduces significant complexity into the process,
since each of the considered time-points are char-
acterized by different properties and, as such, will
require different optimal printing parameters to be
found.

Aiming to narrow the focus, in this study the
optimization of printability was run at the three time-
points that coincide with significantly different values
of the tand of Hep3Gel. This is because this parameter
(that quantifies the solid/liquid-like behaviour of a
hydrogel), together with the dimensional features of
the crosslinking mesh, is known to be one of the main
drivers that determine the printability of a material
[48-50]. Additionally, the same analyses were per-
formed at the end of the reaction, at the 24 h time-
point and at this stage, the viscoelastic properties of all
the hydrogel samples, as well as their a priori printab-
ility, were fully characterized in previous works [20].

The combination of results from the a priori study
of printability showed that all the examined hydrogels
are potentially suitable to be bioprinted at each of the
considered time-points. They are not only able to flow
through a cartridge in the presence of a determined
shear stress, but are also able to recover their original
viscoelastic properties after extrusion [51]. However,
in the case of Hep3Gel at the 3 h time-point such
recovery is slower and more progressive than when
compared with the other samples we considered and
as highlighted by the results from the shape-fidelity
analysis, the fibres printed in this condition experi-
enced unacceptably high levels of deformation, ren-
dering them incapable of sustaining the printing of
the designed geometry. This result was found to coin-
cide with the value of tand being close to 1, indicating
a more consistent contribution of the viscous com-
ponent, that limited the elastic recovery of the printed
fibres [21].

The feasibility of fabricating a specific structure
does not only depend on the property of the employed
inks, but also on the shape of the structure itself,
thus highlighting the importance of a priori validating
and defining the target geometry [20, 52]. Therefore,
the optimization of printing parameters was not only
performed through the quantitative analysis of shape-
fidelity coefficients (that are measured on planar pro-
jections of the final geometry), but also through the
further refinement was subsequently carried out on
full sized structures. As specifically regards the com-
puted shape-fidelity coefficients, the optimal value

G Guagliano et al

for each of them is represented by the unit value, with
values smaller than 1 indicating a too-high degree of
crosslinking in terms of the uniformity factor and a
too-low degree of crosslinking in terms of the pore
and the perimeter coefficients. Values greater than 1
indicate the opposite [19, 31]. These parameters can
be further combined into the printability coefficient
that reaches the unit value when perfectly straight
fibres (with the same diameter as the one of the
nozzle) are printed into geometries whose perimeters,
and pore sizes and shapes, fit the CAD design [21].
In the specific case of this study, it is evident that the
printability coefficient increases as a function of time,
coming progressively closer to 1 and reaching its max-
imum at the 24 h time-point. It was also the case, for
each bioink, that the best results were achieved when
printing geometries at the minimal extrusion pres-
sure, with a printhead speed that depends on the to-
be-printed material.

Although this analysis provided useful insights to
optimize the printability of the Hep3Gel and control
materials we found that the situation can dramatic-
ally change when shifting from monolayered geomet-
ries to the printing of full-sized tri-dimensional con-
structs. In essence it was not possible to print the
designed constructs with any of the samples due to
structural collapses happening during the fabrication.

We hypothesized this to be caused by the balance
between gravity and surface tensions. The action of
gravity pushes down the constructs, causing fibres to
flatten and in some cases even to merge, leading to
shrinkage. On the other hand, the normal component
of the surface tension acts in an opposite way to grav-
ity, by pulling and drawing the constructs upwards
[53, 54]. As a result, the successful printing of a self-
standing construct can be achieved as long as the nor-
mal component of the surface tension prevails over
the force of gravity, as shown in figure 9.

We postulated that this issue could be overcome
by rebalancing the two forces. Since the surface ten-
sions are dependent on the nature of the interfa-
cing materials (substrate vs. bioink for the first layer,
and bioink vs bioink for successive layers) the only
way to modify this effect would have been to com-
pletely reformulate the inks [54, 55]. Our alternative
approach, to avoid this scenario, was to use a thinner
nozzle. In this way it was possible to print thinner and
lighter fibres, thus reducing the gravity-related con-
tribution, and allowing for the successful printing of
the designed constructs.

When printing with the 25 G nozzles, in both cyl-
indrical and conical configuration, it was found that
the results from the shape-fidelity analysis for a 22 G
nozzle could be translated and applied to the 25 G
nozzles. We found that printing the geometries with
25 G nozzles at the 24 h time-point, using in each dif-
ferent case the minimal extrusion pressure together
with the previously determined printhead speeds,
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Figure 9. The balance between gravity and surface tensions, and its effect on 3D-printed structures. (a) The vertical component
oy of the resulting of surface tensions acts oppositely to gravity and dominates over it. In these conditions, the printed construct
can self-stand. (b) Conversely when gravity prevails over oy the printed fibres are flattened, causing the collapse of the printed

G:-cri,

yielded quantitative results which were always close
to the optimal values, with no statically significant
differences between cylindrical and conical nozzles.
We did, however, record a great degree of differ-
ence in terms of minimal extrusion pressure between
cylindrical and conical configurations. This is con-
sistent with recent findings in the field and is due to
the higher stresses needed to extrude a bioink from
a needle characterized by a constant diameter and as
opposed to a conical shape, in which the final dia-
meter is reached progressively. This can be explained
by the fact that it is necessary to realign the chains of
a hydrogel in order to make it flow through a nozzle.
As aresult of shape-factor, cylindrical nozzles provide
a constant alignment of the mesh throughout their
length and, as such, require higher pressures to enable
the extrusion of the bioink than those needed when
printing with a tapered nozzle of the same dimension
[56, 57].

The higher degree of alignment provided by
cylindrical nozzles leads to significantly lower res-
olutions when compared with conical ones [58].
However, the maximum level of detail needed to print
the designed constructs is related to the character-
istic dimensions of the four macropores, and it is
roughly 1 order of magnitude greater than the res-
olution achievable by fabricating them with the con-
ical nozzle. As a result, the printing of the designed
structures is not negatively impacted by the worst
resolution characterizing tapered nozzles. In light of
these, and considering that cellular viability is dir-
ectly impaired by the increase of the printing pressure,
25 G conical nozzles were chosen to print the cell-
laden constructs with Hep3Gel and control materials
[59, 60].

The apparent contradiction between the recov-
ery of the viscoelastic properties forecasted by the
a priori assessment of printability and the actual
recovery times, recorded on printed constructs, is
then a matter of particular interest. Although the

causes underlying this contradiction remains unclear,
we hypothesize that it could be due to different factors
acting on the crosslinking mesh. Firstly, although
the samples were subjected to oscillatory stresses and
strains during the recovery test, the stresses exper-
ienced during the extrusion process are character-
ized by a different distribution and strains are expec-
ted to be higher [61]. These differences, in terms
of the type and level of stresses acting on the inks
when flowing through a tapered nozzle when com-
pared with those which are typical of rheological
measurement, may influence the behaviour of the
ionic bonds between Ca** ions and the macromolec-
ular chains of alginate which, in turn, would explain
longer recovery times. Additionally, the fact that the
characteristic dimension adopted during rheological
analyses (the gap between plates) is 100% greater than
that of the printing process (internal diameter of the
nozzle) may also be significant. Finally, the distor-
tion and orientation of the network of alginate poly-
meric chains which occurs during the extrusion can-
not be mimicked through rheological tests and could
also be responsible for the transitory loss, followed
by the progressive recovery, of viscoelastic properties.
In the end, despite the inaccuracy of predicted recov-
ery times, the a priori analysis was found to be a use-
ful tool to investigate the ability of the hydrogels to
recover their original properties, as this is a major
aspect to be considered when engineering a bioink
[62—-64].

The post-processing of printed constructs with
CaCl, was thus tuned aiming to provide the immedi-
ate reinforcement on the external layer of the struc-
tures. This allowed them to be handled without
breakage and placed in culture conditions as quickly
as possible, limiting the time of cells outside the
incubator environment. In this way, a double cross-
linking strategy was exploited to print intern-
ally crosslinked alginate-based hydrogels that were
subsequently cured through external gelation. To
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date, a similar procedure has already been described
by using internal gelation as a pre-crosslinking tech-
nique to increase the viscosity of alginate-based
bioinks in order to reduce the relaxation of printed
fibres, then printed constructs are fixed with external
crosslinking with CaCl, solutions [19, 65].

Although there are procedural similarities
between these and our approach, there are substant-
ive and significant differences. In our approach, with
Hep3Gel, internal gelation has been developed as the
dominant crosslinking mechanism (rather than as
a pre-crosslinking). It enabled at the same time to
fully control the viscoelastic properties of the to-be-
printed structures, as well as to provide the structural
stability of the printed scaffolds, thus allowing per se
to overcome the two main limitations that are tra-
ditionally connected to the use of alginate bioinks
[19, 36, 66].

Conversely, in our case, external gelation was used
only to stabilize the constructs. Aiming to place cul-
tured cells as soon as possible within a favourable
environment, while the original crosslinking mesh in
the internal regions of the structure is fully recon-
structed, thus providing the constructs with the ori-
ginally designed viscoelastic properties.

Our fabrication approach is suitable for sustain-
ing the growth of embedded HepG2 cells for up to
12 d. The enhanced cellular growth which can be
observed by comparing Hep3Gel with the control
materials is consistent with previous findings on the
beneficial effects of the extracellular matrix powder
compounds on cellular growth [67-69]. However, in
previous studies carried out on homogeneous con-
structs produced with Hep3Gel, it was not possible to
extend the culture above day 8, due to the progress-
ive and unstoppable decay in terms of cell viability
after this time-point [20]. These results obtained in
static cultures are extremely promising, and lay the
foundations to successfully shift to dynamic culture
strategies.

It is for this reason that the adoption of extrusion-
based bioprinting represents a game-changing
approach. The extension of the culture time can
only be explained by the presence of macropores that
maximize the exchange surfaces. This improvement
allows for homogeneous degrees of oxygenation but
also promotes the exchange of nutrients, even in the
core regions of the constructs, as forecasted by a priori
computational simulations. In this sense, the fabrica-
tion of macroporous structures allows us to mimic a
key feature of the hepatic tissue, one of the five most
perfused and oxygenated organs of the human body
[70-72]. At this point, we believe that further studies
should be focused on the assessment of the metabolic
functionality of embedded cells, which is a crucial
requirement to effectively model hepatic tissue [4].
This could be supported by further exploration of
the culture of cell types that are more metabolically
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relevant than HepG2, such as primary hepato-
cytes, iPSC-derived hepatocytes, or HepaRG cells
[73-75].

5. Conclusions

Internal gelation is a powerful approach that allows
to overcome the two main issues characterizing
the extrusion-based bioprinting of alginate-based
bioinks. Firstly, the final viscoelastic properties of the
printed scaffold are fully controlled, and can be finely
tuned, also avoiding the undesired and uncontrolled
formation of crosslinking gradients. Additionally, this
approach enables the fabrication of self-standing
structures, without needing to blend alginate with
other materials that can improve the structural integ-
rity of the construct, neither requiring to extrude the
bioink within crsosslinking baths or supporting sac-
rificial hydrogels. In this work, we have presented a
straightforward methodology for the optimization of
the printability for this type of bioinks. In the con-
text of this specific study, it was demonstrated that
Hep3Gel and the control materials are not suitable
for reactive bioprinting. This is not to say, that this
approach may not prove to be useful with other to-
be-printed geometries.

The methodology presented was suitable to
optimize the printing parameters for the fabrication
of the designed constructs, allowing for the print-
ing of 14-layered self-standing structures which are
characterized by the maintenance of the predeter-
mined final viscoelastic properties. Due to the soli-
citations typical of the extrusion process, a curing
step through external gelation is necessary to stabilize
the constructs, especially in case where the minim-
ization of the time out of the incubator is a primary
requirement.

The adoption of a macroporous 3D-bioprinted
geometry leads to higher and homogeneous oxygena-
tion levels, even in the core regions of the constructs.
This has allowed us to extend the culture time by
up to 50% when compared with studies carried out
on homogeneous hydrogels. Additionally, the pres-
ence of ECM powder positively impacted the fate of
embedded cells, leading to the enhancement of cellu-
lar viability during the experimental course. As a res-
ult, further studies should be focused on adopting this
process to fabricate and culture constructs that embed
more metabolically relevant cell types. This may allow
for the complete validation of the model proposed in
this paper.
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