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Abstract

Biological tissues possess a high degree of structural complexity characterized by
curvature and stratification of different tissue layers. Despite recent advances in
in vitro technology, current engineering solutions do not comprise both of these
features. In this paper, we present an integrated in silico—in vitro strategy for the design
and fabrication of biological barriers with controlled curvature and architecture.
Analytical and computational tools combined with advanced bioprinting methods
are employed to optimize living inks for bioprinting-structured core-shell constructs
based on alginate. A finite element model is used to compute the hindered diffusion
and crosslinking phenomena involved in the formation of core—shell structures and
to predict the width of the shell as a function of material parameters. Constructs
with a solid alginate-based shell and a solid, liquid, or air core can be reproducibly
printed using the workflow. As a proof of concept, epithelial cells and fibroblasts
were bioprinted respectively in a liquid core (10 mg/mL Pluronic) and in a solid shell
(20 mg/mL alginate plus 20 mg/mL gelatin, used for providing the cells with adhesive
moieties). These constructs had a roundness of 97.6% and an average diameter of
1500 £136 um. Moreover, their viability was close to monolayer controls (74.12% +
22.07%) after a week in culture, and the paracellular transport was twice that of cell-
free constructs, indicating cell polarization.

Keywords: Core-shell spheroids; Bioprinting; 3D models; Curvotaxis; Biological
barriers; In silico models

1. Introduction

Many organs possess a multilayer organization which derives from tissue primordia!"?.
In vivo, the tissue layers form complex three-dimensional (3D) shapes which may often
be topologically represented by core-shell structures. Cell constructs with core-shell
geometries can be fabricated to recapitulate these architectures and are a fascinating
research topic. They also provide a means of investigating cell organization in highly

Volume 9 Issue 5 (2023)

433 https://doi.org/10.18063/ijb.771


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Bioprinting

Core-shell bioarchitectures

Model validation

Experimental set-up ‘ |

In-silico models ‘

Flat

Curved

Working window definition

Force balance

Drop
formation

Multilayer ‘-‘ \:

barrier models \'o\
A

Figure 1. (A) Cell morphology in relation to substrate shape and dimensionality: (i) on 2D planar substrates, cells are typically flattened and highly spread;
(ii) on 2D curved surfaces, cell bodies follow the substrate shape but maintain a flat aspect; (iii) on 3D planar substrates, cells assume rounder shapes with a
lower surface-to-volume ratio; (iv) in the 3D curved conditions typical of in vivo tissues, the low surface-to-volume ratio is combined with a curved shape.
(B) Workflow for the fabrication of CSCs replicating 2D and 3D curved substrates.

controlled conditions, considering both construct

geometry and culture environment.

Biological barriers, such as the intestinal and alveolar
barrier, are examples of tissues which can be recapitulated
by core-shell structures. However, to date, in vitro barrier
models are mainly based on flat two-dimensional (2D)
culture systems in static or dynamic conditions. Transwells,
composed of a semipermeable membrane which is able
to separate the apical and basal compartments, represent
the standard for barrier models. They can be used to
mimic liquid-liquid (e.g., intestinal barrier) or air-liquid
interfaces (e.g., lung barrier). A plethora of bioreactors
of different shapes and sizes can also be found in the
literature. These systems can apply dual-flow conditions
or mechanical stimuli on cells cultured on flat, 2D
membranes. Although the application of flow results in
a more physiological environment with respect to static
culture, the lack of a 3D architecture is likely to affect
cell phenotype, and consequently, the translational value
of results may be compromised®*. To address this issue,
some examples of 3D barrier models—in which cells are
embedded within a gel-like (solid) medium or biomaterial
which mimics the mechanical and biochemical features of
the native extracellular matrix (ECM)—have been reported.
However, the models fail in reproducing the curvature of
native tissues, which is also known to be an important cue
in directing cell behavior ®7#. Indeed, the curvature and

dimensionality of culture substrates are known to affect
the formation of actin fibers and the localization of focal
adhesions, actomyosin contractility, differentiation, or cell
morphology as depicted in Figure 1AL,

A promising technology to achieve physiologically
relevant 3D curvatures is through the generation of
spheroids and organoids®*". Endoderm-derived cells,
such as lung or intestinal cells, have the peculiar capacity
to form lumens, a capacity likely related to collective cell
polarization'”. Recent studies report the spontaneous
formation of intestinal and alveolar spheroids with a
central lumen encapsulating primary cells or cell lines such
as human colon carcinoma (Caco-2) cells or pulmonary
adenocarcinoma (A549) in Matrigel. The diameter of the
structures was around 50-120 um, and their formation
occurred between 7 and 21 days™*'*. Organoids were also
generated from biopsies or combining primary cells and
pluripotent stem cells, with preparation times ranging
from 3 to more than 4 weeks. Notably, the lumen formed
in intestinal organoids often presents positive and negative
curvatures similar to the intestinal crypts observed
in vivol!>17),

Although organoids have important advantages
in terms of cell organization and differentiation, they
do possess critical drawbacks, which may limit their
application in regulatory or off-the-shelf applications
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and hinder their scale-up; they are time-consuming and
expensive to generate and maintain. Moreover, they suffer
from a lack of reproducibility which is in part intrinsic to
the self-assembly process and to the fact that protocols
vary from laboratory to laboratory!'®"!,

The bioprinting of structured core-shell constructs
(CSCs) using standardized cell lines can be an optimal
solution to overcome these limitations, as it enables the
generation of curved 3D structures which can be controlled
in terms of material composition, size, and lumen/external
diameter ratio®!. Bioprinting is a process based on 3D
printing techniques that exploits the combination of cells,
adhesion factors, and biomaterials to produce constructs
for mimicking the characteristics of a tissue and includes
a wide range of techniques based on droplet or filament
extrusion and deposition®'. Cell-laden drops or filaments
constitute simple 3D structures that are further crosslinked
to maintain their shape, while more complex architectures
can be obtained by layer-by-layer deposition. Several
fabrication strategies in the literature are almost exclusively
based on the use of alginate which undergoes rapid
gelation in contact with divalent cations??. Techniques
range from coaxial electro-dropping to microfluidic and
in air-microfluidics with applications in drug delivery,
drug release, and therapy and tissue engineering®-2l.
For instance, a flow focusing microfluidic device was
used to encapsulate a soft cell-collagen core in an alginate
shell. The solutions were extruded in a continuous oil
flow containing Ca** ions, allowing shell gelation and the
formation of CSCs with an average diameter of 380 um™®’..
Gelatin methacrylate (GelMA) has also been used to
encapsulate cells in a methyl cellulose core. The polymers
were extruded in oil, and the GelMA shell was crosslinked
by ultraviolet (UV) radiation, obtaining core-shell
microgels with diameters of around 278 pm®.

Some of these strategies are equipment-intensive, and
the majority are limited in terms of their dynamic range
and compatibility with cell encapsulation. The novelty of
our approach is the integration of computational methods
with coaxial bioprinting strategies for the fabrication of
structured luminal bioarchitectures using a variety of cell-
compatible materials. This enables the a priori definition
of a working window, thus minimizing experimental
time and cost. Here, we describe the integrated workflow,
exploiting the COre-Shell MIcrobead Creator (COSMIC),
which was designed for bioprinting cell-incorporated CSCs
in a repeatable manner and with a wide range of materials
(Figure 1B), resulting in a variety of structures with solid
shells and either solid, liquid, or air-filled cores, capable
of replicating different biological interfaces. As a proof
of concept, a core-shell multilayer barrier model with
alveolar epithelial cells and fibroblasts was generated®!.

2. Materials and methods

Alginate, a widely used material in bioprinting!, was
used as the base material for its biocompatibility and
rapid physical gelation after extrusion was used as the
base material for its biocompatibility, mildness, and
fast gelation after extrusion. Other materials considered
in our models and experiments were air, water, and
Pluronic. The material properties and core-shell materials
combinations analyzed are reported (Section S1
in Supplementary File). In this study, we used two
commercial coaxial needles (Ramé-hart Instrument Co.,
USA): needle 1 with an inner diameter (ID) = 26 Gauge
(0.254 mm) and an outer diameter (OD) = 19 Gauge
(0.69 mm), and needle 2 with the same ID and an OD =
16 Gauge (1.19 mm).

2.1.Insilico modeling of the CSCs fabrication

In the in silico workflow, the initial shell and core extruded
drop radii (R and R) were estimated as a function of
the extrusion flow rates and material properties (surface
tension y and dynamic viscosity () by numerically solving
the surface tension-gravity—flow force balance equation
(detailed in Section S2 in Supplementary File). Despite
the complex nature of the hydrodynamic problem™, this
simplified approach enabled the estimation of initial R and
R, minimizing the computational cost. Surface tension
was measured with a tensiometer (Optics Theta Lite, Biolin
Scientific, Sweden) using the pendant drop test, while
dynamic viscosity was characterized using a viscosimeter
(Brookfield DV-1I+ Pro, AMETEK Brookfield, Germany)
equipped with an LV1 spindle, at 37°C (see Section S2 and
Tables S1 and S2 in Supplementary File), at a shear rate of
1.3 x 10°s™.

The radii derived for each combination of core and
shell materials were used as initial values to define the
geometry of an axial symmetric finite element method
(FEM) model implemented in Comsol Multiphysics
6, solving the reaction-diffusion equations for the
transport of diluted species (Ca?* ions) from an external
fluid domain to porous media domains representing the
alginate shell and core, respectively. The formation of
G-blocks during Ca**-mediated alginate crosslinking
(Equation I) was implemented as a second-order
reaction since it depends on both the concentration
of Ca?* ions and the concentration of non-crosslinked
alginatel®*!l,

0y Come (1) 0
dt Caigo

Where k is the reaction rate of the gelation, c .. is the

concentration of Ca** and ¢ g, 1S the initial concentration of
. . 0 S .

un-crosslinked alginate®**!. An apparent diffusion coefficient
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Figure 2. (A) Selected material combinations for the experimental CSCs characterization. The condition tested in the presence of cells is highlighted in
blue. (B) Schematic of the cellular models investigated as a preliminary proof of concept.

D  (Equation II) was introduced to couple reaction-
ap
diffusion and crosslinking phenomena:

D,,(t)=abD, (1)
where:
kT
o
H
[77101(‘[)}
a=1+(5-1)—— (v)
1)
1 -1
R | 1| R}
b={1+ H += H V)

3 K(a(t))

D, (Equation IIT) represents the value of the free diffusion
coefficient, controlled by the size of the macromolecule
as described by the Einstein-Stokes equation, where k, is
Boltzmann’s constant, T the temperature in Kelvin,  the
solvent viscosity, and R, is the hydrodynamic radius. a
(Equation IV) represents the time-dependent coefficient
that considers the effect of the degree of gelation «, defined
as the ratio between the calcium- and time-dependent
concentration of crosslinked alginate and the initial
concentration of free alginate®**!) and b (Equation V) is
the Brinkmann coeflicient which considers the influence
of hindered diffusion in the spherical gel structure’®”.. «(«)
represents the permeability of the structure as a function
of a. Section S3 (Supplementary File) details how b and
x were estimated on the basis of the Brinkmann and
Carman-Kozeny equations®?. The values for a* (gelation
value corresponding to the liquid-like to solid-like
transition), 0 (diffusion coefficient ratio before and after
the crosslinking process), n (model parameter governing
the rate of diffusivity change®/) and R, were adapted
from the literature and optimized on the basis of the
experimental results performing least-square minimization
(see Section S3 and Table S6 in Supplementary File).

A time-dependent study (see Section S4 in
Supplementary File for more details on the numerical
algorithm adopted) was used to consider different
crosslinking times and obtain the concentrations of un-
crosslinked and crosslinked alginate gel and calcium ions
diffusing within the structure. The final core radius after
the crosslinking process (R, VI) was derived as the radius
corresponding to C, for which « is below a*.

R =r] (VD)

Finally, the shell thickness was computed as the difference
between the R (estimated from drop formation theory) and
the R . These results were used to define the experimental
working window on the basis of crosslinking times,
material properties, and extrusion parameters.

a<a

2.2, Experimental fabrication and characterization
of the CSCs

The in silico results were used to identify the material
and extrusion conditions (reported in Figure 2A), which
guarantee an optimal structure in terms of distinction of
core and shell and roundness. All solutions were prepared
in deionized water. In particular, alginate (A0682, average
molecular weight 12-80 kDa, R, 200 nm, Sigma Aldrich)
was mixed with 1:100 w/w fluorescein isothiocyanate
(FITC)-alginate (Creative PEGWorks) to improve the
distinction between core and shell for image analysis.

The CSCs were fabricated with COSMIC, a bioprinter
with an aluminum stand (height = 47 cm, width = 25 cm)
housing two stepper motors that actuate two syringes
connected to a coaxial needle. In this study, we used
two commercial coaxial needles (Ramé-hart Instrument
Co., USA): needle 1 with an inner diameter = 26 Gauge
(0.254 mm) and an outer diameter = 19 Gauge (0.69 mm),
and needle 2 with the same inner diameter and an outer
diameter = 16 Gauge (1.19 mm). Support elements for
motors, syringes, and needle were printed in acrylonitrile
butadiene styrene (Stratasys Fortus 250mc, USA). A 0.1 M
calcium chloride bath was placed at a fixed distance (30 cm)
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underneath the needle to enable alginate drop formation
and crosslinking.

The extrusion flow rate was controlled via a graphical
user interface (GUI) implemented in Processing
(Processing Foundation, USA). Air flow can be also applied
to the needle extremities through purposely designed air
channels (see Section S7 in Supplementary File for more
details).

We first investigated CSC geometry as a function of
the different core-shell extrusion flow rate combinations
defined in the in silico models (10, 20, and 40 uL/s).
Brightfield and fluorescence imaging (Olympus, Japan)
and analysis (Image]) were used to trace the outer core and
shell boundaries, to quantify the radii, the roundness (the
ratio between the area A and the major axes a of the core
and the shell boundaries, Equation VII), and the centroid
coordinates, and to derive the shell thickness (difference
between the shell and core radii) and the decentration of
the core (distance between the shell and core centroids,
an indicator of core-shell symmetry). Data were acquired
in triplicate for each working condition, and statistical
analysis was performed using two-way analysis of variance
(ANOVA) and multiple comparison tests (p < 0.05).

4A
Roundness [%] =—x100 (VII)
na

To identify the global parameters which most affect the
geometrical features, a 3-way principal component analysis
(PCA) was performed by means of the Image] plugin “3-
way PCA™] To perform the PCA analysis, the global
experimental dataset was organized in a 3D matrix in
which the columns represent the core and shell roundness
and radii, while the rows were rearranged according to
the parameter considered on the z axis, i.e., (i) the core
material, (ii) the core extrusion flow rate, (iii) the shell
extrusion flow rate, and (iv) the needle dimension. In all
cases, the principal components identified from the plots
corresponded to the core radius and its roundness.

Finally, the experimental dataset was compared with
the computational data to assess the predictive power of
the in silico tool and to optimize the model parameters
through least-square minimization.

2.3. Cell encapsulation

To validate the models and generate a proof-of-concept
multilayer barrier structure, we bioprinted core-shell
constructs with alveolar epithelial cells in the core and
fibroblasts in the shell, hereinafter referred to as Core
Shell Construct 2 (CSC2). A simpler model, Core Shell
Construct 1 (CSC1) with only A549 in the core, was also
fabricated as control (Figure 2B). Based on the materials
used, a subset of extrusion parameters was selected from

the working conditions defined in the computational
models. Moreover, gelatin was added to the alginate to
improve cell adhesion.

For CSC2, a 20 mg/mL alginate and 20 mg/mL gelatin
solution with 6 million/mL of CCD-18Co (human
fibroblasts, ATCC) suspended in fetal bovine serum (FBS,
F9665 Sigma Aldrich) was used to form the shell, while
the core was composed of 5 million/mL A549 (alveolar
epithelial cell line, ATCC) suspended in 10 mg/mL
Pluronic F127 (P2443 Sigma Aldrich, Germany) prepared
in complete Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher). Core and shell extrusion flow rates were
respectively set at 20 and 40 pL/s, and crosslinking time
at 15 min. Then, the CSCs were transferred into a 96-
well culture plate (2 per well) and covered with 300 pL
of transglutaminase enzyme (mTG) solution (100 U/g in
complete DMEM) for 24 h to crosslink the gelatin. The
mTG solution was replaced with fresh complete DMEM.
For the simpler model, CSC1 with A549 in the core, the
compositions were identical except that the shell material
did not contain cells. Monolayer controls were prepared
by seeding A549 (2 x 10° cell/cm?) cells—M1, and CCD-
18 cells (4 x 10° cell/cm?)—M2, in Transwell * (Corning)
systems.

Cell viability was tested with the Alamar Blue assay
(Sigma Aldrich) after 3 and 7 days and was calculated as a
percentage of the respective monolayer controls at day 3,
ie, V,[%] = (CSCi/Mi) x 100 (with i = 1 or 2, i.e., CSC1/
M1 and CSC2/M2), and normalized for the encapsulated
cell number after the bioprinting process in each type
of CSC. Cell function was also evaluated in terms of (i)
paracellular transport by quantifying the passage of FITC-
labeled dextran (500 kDa, Sigma Aldrich)®! and (ii)
transcellular transport by analyzing the active transport
of rhodamine 123 (Rho-123, Sigma Aldrich) promoted by
P-glycoprotein, which is a protein expressed in the apical
membrane by polarized cells®. Briefly, the FITC-dextran
(5mg/mLin PBS) and Rho-123 (10 uM in HBSS) solutions
were poured into each well. Here, the solution external to
the construct represents the basal compartment (blood
side), while its core represents the apical compartment
(internal lumen). After 2 h of incubation, fluorescence
images of the constructs were acquired (Olympus, Japan).
The amount of FITC-dextran and Rho-123 in the core
was quantified by comparing pixel fluorescence intensity
with known concentrations of FITC-dextran and Rho-
123, respectively (using Image]). Passage data were
normalized with respect to CSCs without cells (referred
to as blanks): P [%] = (CSCi/BLANK) x 100. Data were
acquired in triplet, and statistical analysis was performed
using two-way ANOVA and multiple comparison tests
(p < 0.05).
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Figure 3. In silico results. (A) Predicted average degree of gelation (a) as a function of shell alginate viscosity (for 1 mg/mL Pluronic in the core) after
15 min in Ca** medium crosslinking. (B) Predicted average a as a function of core Pluronic concentration after 15 min in Ca®* crosslinking (*p < 0.05).
(C) Computational simulation of alginate shell formation as a function of crosslinking time (for 20 mg/mL alginate in the shell and 1 mg/mL Pluronic in
the core). (D) Comparison of experimental shell thickness (black dotted line) and computational values, for the same condition in C, estimated with (blue

line) and without (orange line) accounting for the Brinkman coefficient b.

3. Results

3.1.Insilico results

The reaction diffusion models show that the degree of
gelation in the shell («) increases as a function of alginate
viscosity (and hence concentration), up to a viscosity
corresponding to that of 20 mg/mL alginate. After this
point, & decreases with increasing alginate viscosity
because Ca?* ion diffusion is inhibited® (Figure 3A).
Moreover, Figure 3B shows that the presence of Pluronic in
the core significantly increases « (0.63 * 0.06 for 1 mg/mL
Pluronic, 0.71 + 0.03 for 10 mg/mL Pluronic) with respect
to awater core (0.4 £0.03, p <0.05). However, no significant
differences in the degree of gelation were observed
between the two Pluronic concentrations investigated. A
crosslinking degree of & = 0.6 corresponding to complete
alginate gelation at the end of the crosslinking kinetics
in the alginate shell occurred within 15 min in all the
conditions®**!. Thus, this time was selected as optimal

crosslinking time for all the experiments. As an example,
for the condition shown in Figure 3C, the average
alginate concentration in the shell (ng) = 0.47 mol/m?,
corresponding to a = 0.68 (see Section S5 in Supplementary
File).

In addition, our computations showed that after
15 min under the crosslinking process, the Ca** diffusion
time within the alginate network is lower than that of un-
crosslinked alginate and Pluronic (see Section S3 and
Table S5 in Supplementary File). This suggests that alginate
crosslinking occurs before core and shell material become
a continuum and thus the bead structure is conserved.

Finally, Figure 3D shows that the shell thicknesses
estimated considering the hindered diffusion were
more similar to the experimental data with respect to
the computational data derived without considering
Brinkmann’s coefficient b. This demonstrates that the
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Figure 4. Experimental results. Three-way principal component analysis (PCA) results show the principal components (core radius and core roundness)
for the dataset z axis expressed as (A) core materials, (B) needle OD, (C) shell, and (D) core extrusion flow rates. (E) Shell roundness color map for different
core and shell velocity combinations (green: roundness over 90%; yellow: roundness 80%-90%; red: roundness below 80%) in the case of 10 mg/mL
Pluronic core—20 mg/mL alginate shell structures. (F) Core-shell structures optimal working parameter combinations and corresponding fluorescence

images for different core phases.

definition of D, = proposed in this work improves the
predictive power of the model with respect to other models
commonly used in the literature to describe alginate
crosslinking*3!l,

3.2. Experimental results

For liquid and solid cores, the PCA results indicate that the
parameter that most affects the CSCs is the core material
(Figure 4A). Clustering was not observed for different
needle ODs or shell extrusion flow rates (Figure 4B and C),
indicating that they play a minor role in determining the
geometrical characteristics of the CSCs. Although the PCA
did not reveal any obvious clustering phenomena with
respect to core flow rate (Figure 4D), the statistical analysis
(t-test, p < 0.05) carried out on subgroups of data showed
that this parameter strongly influences the quality (i.e.,
roundness) of the droplet (Figure 4E). In particular, the
experimental characterization suggested that for optimal
results in terms of overall roundness of the bioprinted
structures, the shell extrusion flow rate should be higher
than that of the core (Figure 4E).

In all the conditions investigated, the experimental
results were coherent with those from the in silico
models, thus confirming their validity (Sections S5 and
S6 in Supplementary File report further details on the
comparison between in silico and experimental data).

The fabrication of air-containing structures was more
challenging: air encapsulation occurred only with the use
of 20 mg/mL alginate and using: (i) needle 1, core flow rate
of 40 pL/s, shell flow rate of 10-20 uL/s; (ii) needle 2, core
flow rate of 10 uL/s and shell flow rate of 10-20 uL/s. The
air-core condition was excluded from the PCA analysis due
to the difficulty in obtaining air encapsulation in almost
all the working conditions analyzed, which prevented
the correct implementation of 3-way PCA algorithm.
The optimal results in terms of roundness and core-shell
symmetry for the fabrication of solid-, liquid- and air-
core structures are summarized in Figure 4F. Sections S7
and S8 in Supplementary File report other experimental
conditions investigated, i.e., the extrusion in the presence
of an external air flow and the use of Pluronic in the shell.
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Figure 5. Cell culture. Brightfield and confocal images of CSC1 (A, C) and CSC2 (B, D) acquired at day 7; (E) CSCI and CSC2 cell viability normalized
respectively to M1 and M2 monolayer controls. (F) Paracellular (FITC-Dextran) and (G) Transcellular passage (Rho-123) normalized with respect to
blanks (* p < 0.05). Example of fluorescence images used for deriving dextran and rhodamine passage at day 7 in CSC2 constructs (I, K) and blanks
(H, J). White dotted circles highlight the constructs, while green and red arrows indicate the direction and extent of FITC-dextran and Rho-123 passage,

respectively.

3.3. Evaluation of core-shell spheroids

As shown in Figure 5A-D, epithelial cells extruded in the
core spontaneously adhered at the core-shell interface,
while fibroblasts were homogenously distributed in the shell
matrix. The viability of the encapsulated cells (Figure 5E)
was slightly lower than controls at day 3 (85.18% + 15.59%
and 74.12% =+ 22.07%, respectively, for CSC1 and CSC2).
At day 7, the viability of CSC1 increased with respect to
the previous time point, while in the case of CSC2, viability
was comparable with day 3. As demonstrated by the low
Thiele number (S10), higher oxygen availability is likely
responsible for the observed increase in CSC1 viability. We
also observed a reduction in dextran passage (Figure 5F
and I) and an increase in Rho-123 transport (Figure 5G
and K) with respect to blanks (Figure 5H and J) throughout
the culture period for both CSC1 and CSC2. After a week,
the passive passage of dextran decreased in the presence
of the cells (by 50% + 13% for CSCI1 and 55% + 10% for
CSC2), while the active passage of Rho-123 increased by
204% * 51% and 191% + 47%, respectively, for CSC1 and
CSC2. Figure 5H-K shows typical images of the constructs
during passage tests.

4, Discussion

In this paper, we describe an integrated in silico-in vitro
approach for the generation of reproducible core-shell
constructs with different core phases. Our results show
that the main factors affecting their fabrication are related
to material properties and to the combination of core and
shell extrusion speeds.

The in silico models allowed for the definition of the
optimal experimental working window considering
different material properties and extrusion parameters.
In particular, the predictivity of the in silico model
was improved by introducing a new definition of the
apparent diffusion coefficient, including both the effect
of gelation degree over time***!! and of hindered ion
diffusion®. The FEM model showed that the formation
of the core-shell structures is dependent on the fact that
calcium diffusion occurs over shorter times with respect
to alginate diffusion, thus preventing material mixing
and allowing the formation of a layered 3D structure.
Moreover, in the absence of Pluronic in the liquid core
(Figure 3B), the computed gelation degree of the shell was
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lower than the a = 0.6 threshold, while it increased with
increasing Pluronic concentration. Experimental tests
confirmed that the presence of Pluronic was essential in
the formation of the liquid-core structures. Pluronic is a
copolymer of hydrophilic and hydrophobic groups which,
at the concentrations employed here, forms micellar
structures in aqueous solutions; hence, the entanglement
between alginate or Pluronic chains can be neglected®’).
The steric hindrance and increased core viscosity offered
by the micelles likely hamper alginate diffusion into the
liquid core.

The experimental results also highlighted that the
relative core-shell extrusion flow rate is fundamental for
bioprinting core-shell structures with optimal roundness.
For solid and liquid cores, the shell extrusion rate should
be higher than that of the core, promoting the formation
of a uniform shell layer. Although challenging, with some
of these flow rate combinations, we also achieved the
formation of an air-core. To the best of our knowledge,
the spontaneous formation of an air-containing lumen has
never been observed in bioprinted structures. This result is
thus particularly relevant for lung models.

Our preliminary cellular studies demonstrated the
cytocompatibility of the bioprinting process and the
feasibility of encapsulating different cell types in a core—
shell construct. The alveolar microenvironment was
effectively recapitulated, with epithelial cells lining the
lumen and fibroblasts in the shell, representing interstitial
spaces in the lung extracellular matrix. In terms of
architecture, the epithelial cells are exposed to a radius
of curvature = 1.01 + 0.12 mm, while fibroblasts perceive
a radius of curvature which varies with their position in
the shell, ranging from 1.5 + 0.11 mm to 1.01 + 0.12 mm.
With an elastic modulus in the kPa range (see Section S9
in Supplementary File), these constructs are also able
to mimic healthy matrix conditions, thus maintaining
fibroblasts in a quiescent state without the onset of fibrotic
processes®!. The reduction of FITC-dextran passage with
respect to the cell-free blanks suggests that the presence of
cells hindered passive diffusion, which may be linked to
the onset of barrier formation. The increase of rhodamine
passage with respect to the blanks is particularly
interesting since it indicates active transcellular transport
and epithelial cell polarization. Further studies may
improve uniformity of the epithelial layer along all the
lumen (e.g., by improving the composition and porosity
of the shell matrix and by implementing an air-liquid
interface thanks to air-filled cores fabrication). The
presence of fibroblasts does not significantly affect the
parameters investigated. However, since fibroblasts are
fundamental for lung tissue homeostasis, in future studies,
the co-culture model could be used for recapitulating

other pathophysiological conditions, such as lung fibrosis
and aging, by appropriately tuning material parameters
(e.g., viscosity, stiffness)!***!l. The strategy could also be
exploited to generate stratified structures, such as tumors
and embryonic layers**), or more advanced systems
mimicking the curved topology of interfaces between
tissues occurring in different organs in the human
body!>*#l_ Finally, more in-depth cell studies to better
understand cell response to curvature could be conducted
by tuning the extrusion parameters highlighted in this
work to modulate core-shell radii™*"*?l.

5. Conclusion

An innovative in silico-in vitro strategy was developed
for bioprinting-structured spheroids able to replicate the
multilayer tissue organization and the interface between
epithelial (or endothelial) tissues and fluid (either liquid
or air) lumens. The computational tools enable the
definition of a working window, optimizing material
combination and extrusion parameters. The generation of
core—shell spheroids with our bioprinting set-up presents
a significant advantage with respect to standard culture
methods allowing the rapid fabrication of complex and
physiologically relevant architectures. Our results show
improved barrier properties with respect to controls,
contributing to the establishment of human-relevant
in vitro models, in line with 3Rs principles (refinement,
reduction, and replacement of animal experiments).
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