Biomaterials Advances 153 (2023) 213534

FI. SEVIER

Contents lists available at ScienceDirect
Biomaterials Advances

journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c

BIOMATERIALS
ADVANCES

‘materalstoday

L)

Check for

A bioprinted 3D gut model with crypt-villus structures to mimic the e
intestinal epithelial-stromal microenvironment

Ntria Torras® , Jon Zabalo ® "2, Eduardo Abril?, Albane Carré®°, Maria Garcia-Diaz ™,

Elena Martinez >>% "

& Biomimetic Systems for Cell Engineering Laboratory, Institute for Bioengineering of Catalonia (IBEC), The Barcelona Institute of Science and Technology (BIST), Baldiri

Reixac 15-21, 08028 Barcelona, Spain

b Centro de Investigacion Biomédica en Red (CIBER), Av. Monforte de Lemos 3-5, Pabellon 11, Planta 0, 28029 Madrid, Spain
¢ Department of Electronics and Biomedical Engineering, University of Barcelona (UB), Marti i Franques 1, 08028 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:

3D bioprinting
GelMA-PEGDA soft hydrogels
3D microstructure
Epithelial-stromal interactions
Intestinal mucosa model

The intestine is a complex tissue with a characteristic three-dimensional (3D) crypt-villus architecture, which
plays a key role in the intestinal function. This function is also regulated by the intestinal stroma that actively
supports the intestinal epithelium, maintaining the homeostasis of the tissue. Efforts to account for the 3D
complex structure of the intestinal tissue have been focused mainly in mimicking the epithelial barrier, while
solutions to include the stromal compartment are scarce and unpractical to be used in routine experiments. Here

we demonstrate that by employing an optimized bioink formulation and the suitable printing parameters it is
possible to produce fibroblast-laden crypt-villus structures by means of digital light projection stereolithography
(DLP-SLA). This process provides excellent cell viability, accurate spatial resolution, and high printing
throughput, resulting in a robust biofabrication approach that yields functional gut mucosa tissues compatible
with conventional testing techniques.

1. Introduction

In vivo, epithelial tissues are usually forming complex three-
dimensional (3D) architectures that provide cells with specific micro-
environments [1,2]. One of the most prominent examples is the small
intestinal tissue, which folds forming finger-like protrusions called villi
and invaginations called crypts. These microstructures are responsible
for the exquisite cell type distribution along the crypt-villus axis of the
tissue, the maintenance of cell renewal and homeostasis, the creation of
oxygen gradients for the microbiome and maximizing absorption area
and residence time for slow absorbing species [3-5]. Indeed, it is now
well recognized that in vitro models of intestinal tissue accounting for its
3D architecture provide barrier properties (permeability and trans-
epithelial electrical resistance, TEER) that better resemble in vivo values,
thus improving the predictability of in vitro assays [6,7]. However, it is
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also well known that the physiological function of the intestinal tissue
does not only depend on a healthy epithelium, but also on the stromal
tissue (named lamina propria) that lays below [2,8]. The entire struc-
ture, called intestinal mucosa, contains many cell types aside from the
epithelial cells, including myofibroblasts, fibroblasts, endothelial cells
and immune cells embedded in an extracellular matrix. These stromal
cells have a key role in maintaining gut homeostasis and mucosal im-
munity [8,9]. Among them, mesenchymal cells secrete factors that are
essential for the epithelial function and differentiation. It is therefore
crucial to have access to intestinal tissue models that resemble not only
the epithelium but the intestinal mucosa to properly model inflamma-
tory bowel diseases, pathogen and microbiome interactions and cancer
[10,11].

While in recent years there has been a lot of efforts to produce
engineered tissues that recapitulate the architecture of the intestinal
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tissue, in most of the cases those have been limited to represent only the
epithelium. Mostly, this is due to the use of complex fabrication methods
based on replica molding. These techniques require the use high mac-
romer content materials (15-30 % w/v polymer content) with high
stiffness rates (1 MPa to 2 GPa) to properly replicate the desired ge-
ometries [12], resulting in relatively high dense matrices that do not
allow cell survival [13,14] or that are not friendly for embedding cells
within [15,16]. Recently, some attempts have been made to include fi-
broblasts to mimic the stromal tissue in flat constructs [17], demon-
strating the relevance of testing drug absorption in the presence of a full
mucosa tissue. Also, there are some examples of including fibroblasts
and other cell types in 3D structures employing replica molding,
photolithography and laser ablation [9,18]. These techniques, however,
rely on the use of expensive equipment, and/or time-consuming pro-
cedures, which ends with a limited throughput, as well as some re-
strictions in the type of materials used to ease the demolding. Therefore,
the easy fabrication of cell friendly complex structures of high aspect
ratio with soft materials (< 40 kPa) is still an open challenge [19].

Within this landscape, 3D bioprinting techniques offer unique fea-
tures to tackle the problem. They offer a good resolution (compatible
with most of the in vivo microstructures) and good fabrication speed, can
be automatized, and are cost-effective [20,21]. Among bioprinting,
extrusion-based and light-based approaches have been employed to
produce models of gut tissues [14,22]. Extrusion-based devices are
robust systems compatible with standard culture plates, in which bio-
inks are dispensed in drops or filaments through microscale print heat
nozzles, requiring a postprocessing step for their stabilization [23,24].
Combinations of alginate, gelatin, type-I collagen and decellularized
extracellular matrix (dECM) powder have been proposed as bioinks for
the fabrication of 3D printed matrices resembling the characteristic
villus-like structures of intestinal tissue; however, examples including
the stromal compartment are still scarce [22,25]. The main drawbacks
of extrusion-based bioprinting are the restrictions in bioinks' viscosity,
the limited cell survival rates due to shear stresses inflected on cells
during the printing process, and the low printing speed and printing
resolution needed to preserve shape fidelity [26-28].

In parallel, light-based bioprinting techniques emerged as a strong
alternative due to their easy access (several custom and commercially
available models/alternatives), simplicity in use, versatility and low
cost. In particular, digital light processing (DLP) 3D bioprinting based on
stereolithographic (SLA) printing is gaining attention [29-31]. DLP-SLA
photopolymerizes layer-by layer bioinks, which can include a suspen-
sion of cells. These bioinks are located inside a cuvette (or vat) that has a
transparent window at the bottom and allows for the projection of
focused white and black patterns to create the 3D printed elements. 3D
structures including protruded features and cavities can be replicated
from CAD-based designs with high fidelity and a precise control on the
layer thickness, achieving in-plane xy resolution up to 25 pm [32,33].
Due to the high versatility of the technique and the affordability of the
system components, several customized DLP-SLA bioprinters have been
reported so far, working with a variety of bioinks such as gelatin, hy-
aluronic acid (HA), poly (vinyl alcohol) (PVA) and polyethylene glycol
(PEG)-based polymers combined with photosensitive elements [32-34],
and light -sources (typically in UV and visible range) [35-37].

Most of the light-based bioprinting approaches rely on free-radical
polymerization using acrylate-based polymers. Since this polymeriza-
tion reaction is typically difficult to confine for low content and trans-
parent polymer solutions, efforts have derived in strategies to gain
control on pattern definition. For instance, PEG-based polymers have
been successfully mixed with photoabsorbing species to improve the
spatial control of the polymerization [32,34]. However, when targeting
cell embedding with these materials, they naturally lack cell-adhesion
and degradation motifs, impairing cell spreading and proper func-
tioning, and therefore limiting the cell survival rate. An alternative is the
use of natural derived hydrogels such as gelatin methacryloil (GelMA),
which can also be crosslinked using light. Despite its good properties,
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when used at low concentrations, GelMA hydrogels are not mechani-
cally stable, compromising the geometrical shape of the designs and
lifespan of the printed constructs [38]. Previous works have highlighted
the benefits of combining poly(ethylene glycol) diacrylate (PEGDA) and
GelMA polymers for the biofabrication of cell-laden scaffolds for in vitro
studies [13,39].

Here we present a customized DLP-SLA 3D bioprinting system for the
direct printing of intestinal tissue constructs, including both the
epithelial and stromal compartments, using transparent, soft hydrogels,
by means of visible-light photopolymerization. The system has been
adapted to work with reduced bioink volumes and environmental con-
trol, allowing the fabrication of cell-laden structures resembling the
intestinal mucosa in a single printing step. With the proper tuning of (i)
the GelMA-PEGDA bioink composition, (ii) the printing parameters such
as layer thickness and exposure time, and (iii) the morphology of the
CAD designs, we succeeded in the bioprinting of soft high aspect ratio
hydrogels mimicking the intestinal mucosa, including villi and crypts
with physiological dimensions and the epithelial and stromal compart-
ments. Once printed, samples can be recovered with high fidelity and
throughput, and allocated within standard Transwell® inserts, where
can sustain long-term culture with high cellular viability. The encap-
sulated intestinal stromal cells supported the growth of the epithelial
monolayer and adopted an in vivo-like distribution and morphology
along the crypt-villus axis, whereas the epithelial cells showed a
columnar morphology and the expression of polarization markers
characteristic of differentiated enterocytes. Thus, we recreated the
epithelial-stromal microenvironment in an intestinal mucosa 3D model
using a simple DLP-bioprinting strategy, proving the suitability of the
technique for the fabrication of improved and more reliable engineered
tissue models for in vitro studies.

2. Materials and methods
2.1. Materials

Gelatin methacryloil (GelMA) was prepared following a method
previously described [40,41]. Briefly, a 10 % (w/v) gelatin solution was
first obtained by dissolving gelatin from porcine skin type A (Sigma-
Aldrich) in phosphate buffer saline (PBS; pH 7.4) (Gibco) at 50 °C for 2 h
under stirring conditions. Methacrylic anhydride (Sigma-Aldrich) at
1.25 % v/v was added at a rate of 0.5 mL/min and left to react for 1 h
while stirring. The solution was centrifuged at 1200 rpm for 3 min and
the reaction was stopped by adding Milli-Q water. The resulting solution
was dialyzed using 6-8 kDa molecular weight cut-off membranes
(Spectra/por, Spectrumlabs) against Milli-Q water at 40 °C, which was
replaced every 4 h for 3 days. Then, after adjusting the pH to 7.4, the
dialyzed products were frozen overnight at —80 °C and lyophilized for
4-5 days (Freeze Dryer Alpha 1-4 LD Christ). The resulting product,
GelMA, with a methacrylation degree of 47.5 + 4 % (determined by
Trinitrobenzene sulfonate assay, data not shown) was stored at —20 °C
until further use. A set of printing solutions (bioinks) was then prepared
by mixing GelMA, poly(ethylene glycol) diacrylate (PEGDA) with a
molecular weight of 4000 Da (Polysciences), visible-light lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator (TCI
Europe), and tartrazine food dye (Acid Yellow 23, Sigma-Aldrich) at
different w/v ratios and combinations using either Hank's Balanced Salt
Solution (HBSS) (Sigma-Aldrich) or high glucose Dulbecco's Modified
Eagle Medium (DMEM) without phenol red (Gibco) as dilution buffers.

2.2. DLP-SLA-based bioprinting platform

A customized digital light processing stereolithography (DLP-SLA)
3D bioprinting system was built by modifying a commercially available,
low-cost Solus 3D printer (Junction3D), initially designed to print hard
resins. As shown in Fig. 1A, the system consists of the following main
components: a facing-down printing support coupled to a Z-axis motor, a
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Fig. 1. Custom 3D bioprinting system: (A) 3D CAD model of our 3D bioprinter system (left) with detailed view of the main components (right). (B) Schematic
illustration of the procedure followed for the fabrication of the proposed gut 3D model containing NIH-3 T3 fibroblast encapsulated in microstructured hydrogel co-

networks (stromal compartment), co-cultured with Caco-2 epithelial cells.

resin vat with a transparent window, and a beam projector. A custom-
ized aluminum printing support and an aluminum vat were designed for
printing small samples (between 3 and 10 mm in diameter) using
reduced prepolymer volumes (< 2 mL). Aluminum was chosen for its
good thermal conductivity and its low oxygen permeability. A high-
definition FEP film (FEPshop) of 50 pm in thickness was used to
create a flexible transparent window at the bottom of the vat to allow the
pattern transfer to the prepolymer solution. This creates, at the same
time, an oxygen permeable window to tune the free radical photo-
polymerization reaction (Fig. S1). Additionally, a flexible heater with a
thermostat (TUTCO) was coupled to the system to keep the prepolymer
solutions warmed at 37 °C, preventing physical gelation, and allowing
for the use of cell-laden polymers as bioinks. A full High-Definition
1080p resolution projector (Vivitek) was employed to crosslink the
polymeric network using visible light. To avoid cell damage due to IR
radiation exposure, a short pass heat protection filter (Schott) was added
to the output of the projector. To form the 3D printed design, series of
focused white and black patterns were projected onto the photo-
crosslinkable prepolymer solution through the transparent vat window,
forming the 3D structure in the vertical direction, layer by layer. The
optical power density applied for printing was set between 3.1 and 12.3
mW/cm? (measured at the printing plane) through 5 predefined in-
tensity levels in the projector (see Fig. S3) within the 320 to 640 nm
wavelength spectral range. For the bioink compositions and the designs
selected here, printing parameters were varied as following: layer
thickness between 10 and 25 pm and exposure time per layer between 1
and 15s.

2.3. Optimization of the bioprinting parameters

Printed designs in the shape of the crypt-villus architecture of the
small intestinal tissue were tested with the customized DLP-SLA plat-
form, using a bioink composed of 5 % w/v GelMA, 3 % w/v PEGDA and
0.4 % w/v LAP. To minimize undesired overexposure effects and have a
finer control of the photocrosslinking process, the photoabsorber tar-
trazine was added to the mixture. All the components were dissolved in

HBSS supplemented with 1 % v/v Penicillin-Streptomycin (Sigma-
Aldrich) at 65 °C under stirring conditions for 2 h or until properly
dissolved. The final prepolymer solutions were kept at 37 °C for about
30 min before use. Then, the working prepolymer solution was pipetted
into the vat of the DLP-SLA system, which was previously warmed at
37 °C. The CAD design was printed layer by layer from the bottom, on
top of silanized 12 mm diameter glass coverslips or 10 mm diameter
Tracketch® polyethylene terephthalate (PET) membranes with 5 pm
pore size (Sabeu GmbH & Co) as printing support [6]. Once the printing
process was finished, the hydrogels were rinsed in warmed PBS at 37 °C
to remove unreacted polymer before being transferred to cell culture
well plates and/or Transwell® inserts.

The influence of the relevant printing parameters (photoabsorber
content, exposure time per printed layer and the printed layer thickness)
on the bioprinting outcome was checked using CAD models, which
include a disc-like base with an array of bullet-shape pillars, mimicking
the intestinal villi. Each printing parameter was evaluated individually
in a systematic manner, and the resulting prints were analyzed right just
after fabrication to avoid possible distortions due to hydrogel swelling.
Bright field pictures from top and lateral view were taken using a stereo
microscope (Olympus, SZX2-ILLB) and processed with ImageJ software
(http://imagej.nih.gov/ij, NIH) to obtain the printed dimensions of the
different elements in the CAD models. The base thickness, the villus
height and crypt diameter and depth were obtained from samples cross-
sections, after cutting them with a blade.

2.4. Mechanical properties of the 3D printed hydrogels

To determine the bulk mechanical properties and flow characteris-
tics of the printed hydrogels, rheological measurements were per-
formed. First, disc-like samples of 8 mm in diameter and 0.5 mm in
height were printed using the selected bioink formulation, 5 % w/v
GelMA, 3 % w/v PEGDA, 0.4 % w/v LAP and 0.025 % w/v of tartrazine.
As controls, prepolymer solutions containing, 8 % w/v PEGDA +0.4 %
w/v LAP, and 8 % w/v GelMA +0.4 % w/v LAP both with the same
tartrazine content were also included in these experiments. Samples
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were allowed to reach equilibrium swelling by being submerged in HBSS
at 4 °C for 5 days. As sample dimensions changed after swelling, they
were punched to obtain 8 mm diameter samples for testing. Rheological
tests were performed on a MCR302-PP08 rheometer (Anton Paar)
equipped with parallel sandblasted plates of 8 mm in diameter. Mea-
surements were performed using a sinusoidal signal and applying a
sweep to the amplitude of shear strain between 0.01 % and 500 % while
keeping constant the angular frequency to 10~! s. The running tem-
perature was maintained at 23 °C throughout the measurements. Values
of both storage (G') and loss (G") moduli were obtained as a function of
the strain, from which the elastic component of the moduli, E, was
derived assuming a value for the Poisson's ratio of 0.5.

2.5. Diffusivity properties of the 3D printed hydrogels

A diffusion study was performed to experimentally estimate the
mesh size of the printed hydrogels, since other methods, such as the one
based on the Flory-Rehner theory, are not applicable when working with
hydrogel co-networks [42]. To do so, the diffusion profiles of dextran
fluorescent molecules of different molecular weights passing through
the hydrogels were analyzed. Disc-like samples of 6.5 mm in diameter
and 0.5 mm in height were printed using prepolymer solution contain-
ing 5% w/v GelMA, 3 % w/v PEGDA, 0.4 % w/v LAP and 0.025 % w/v of
tartrazine in HBSS supplemented with 1 % v/v Penicillin-Streptomycin.
After printing, hydrogels were mounted on Transwell® inserts using
double-sided pressure sensitive adhesive (PSA) rings (Adhesive
research) and left in standard cell culture conditions (37 °C and 5 %
CO») to reach equilibrium swelling. Dextran molecules of 4 kDa (FITC-
Dextran), 70 kDa (Rhodamine- Dextran), 150 kDa (FITC-Dextran), 500
kDa (FITC-Dextran) and 2000 kDa (FITC-Dextran) (all from Sigma-
Aldrich) were used separately at a concentration of 0.5 mg/mL in PBS.
Then, 200 pL of the pre-warmed dextran solutions were loaded in the
apical compartment while adding 600 pL of PBS to the basolateral
chamber. The plates were then incubated at 37 °C and at regular time
intervals, 50 pL were withdrawn from the basolateral compartments and
replaced with warmed PBS. Collected samples were transferred to black
96-well plates and the FITC or Rhodamine fluorescence was measured
using an Infinite M200 PRO Multimode microplate reader (Tecan), at
excitation/emission wavelengths of 490/525 nm and 540/625 nm,
respectively. The changing concentration of dextrans over time was
determined using standard calibration curves and the diffusion co-
efficients (D) were calculated following the method form [43,44].

V= Vapiml +Ah + Vbasolareml

_ (Vapiml + {%h) (Vbusoluleml + %h)
B AV

where C(t) is the dextran concentration in the basolateral chamber over
time t, N is the total dextran mass, h is the height of the hydrogels, V is
the total volume and A is the area in which the diffusion occurs.

2.6. Cell culture conditions

NIH-3T3 fibroblasts (ATCC® CRL-1658™) from passages 12 to 17
were used for printing cell-laden hydrogels to mimic the cell population
within the stromal compartment of the intestinal mucosa. Fibroblasts
were grown, expanded, and maintained at 37 °Cand 5 % CO5 in 175 cm?
culture flasks using high glucose DMEM (Gibco, ThermoFisher), sup-
plemented with 10 % v/v fetal bovine serum (FBS) (Gibco, Thermo-
Fisher) and 1 % v/v Penicillin-Streptomycin (Sigma-Aldrich). Cells were
passaged twice a week, exchanging the medium every other day. Caco-2
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cells (ATCC® HTB-37TM) from passages 83 to 87 were seeded on top of
the printed hydrogels (with and without embedded cells) to mimic the
epithelial layer of the small intestine. Caco-2 were grown, expanded,
and maintained in 75 em? culture flasks in high glucose DMEM (Gibco,
ThermoFisher), supplemented with 10 % v/v fetal bovine serum (FBS)
(Gibco, ThermoFisher), 1 % v/v Penicillin/Streptomycin (Sigma-
Aldrich) and 1 % v/v of non-essential amino acids (NEA) (Gibco,
ThermoFisher). Cells were maintained at 37 °C and 5 % CO», changing
medium every other day and passaged weekly.

2.7. Fabrication and characterization of cell-laden hydrogels with crypt-
villus structures: mimicking the small intestinal tissue

Cell-laden hydrogels with the villous morphology of the small in-
testinal tissue were bioprinted to mimic the stromal compartment of the
intestinal mucosa. NIH-3 T3 fibroblasts were trypsinised from the cell
culture flasks and re-suspended in the prepolymer solutions to get bio-
inks with a cell density of 7.5-10° cells/mL. Then, bioinks were imme-
diately placed in the vat previously warmed at 37 °C and the printing
process started. To maintain the cell suspension homogeneously
distributed through the vat volume along the printing time, the pre-
polymer solution was stirred by gently pipetting. Samples were fabri-
cated on silanized PET membranes by using a printing optical power
density of 12.3 mW/cm? After the printing process, samples were
washed out with warm cell culture medium supplemented with 1 % of
Penicillin-Streptomycin to remove the unreacted polymer. Then, the
bioprinted cell-laden hydrogels were attached to Transwell® inserts by
PSA rings. Finally, Caco-2 cells were seeded on top of the samples at a
density of 2.5-10° cells/cm2 to mimic the intestinal epithelial layer. The
samples were cultured for 21 days in an incubator at 37 °C and 5 % CO»,
replacing medium every other day.

2.8. Viability of cells embedded onto the 3D printed hydrogels

Fibroblast viability within the bioprinted cell-laden hydrogels was
investigated employing a calcein-AM/ethidium homodimer Live/Dead
kit (Invitrogen), 24 h, 7 and 10 days after NIH-3 T3 cell encapsulation.
Hoechst was used as live staining for the nuclei. A confocal laser scan-
ning microscope (LSM 800, Zeiss) was used for imaging and a manual
cell counter plugin in ImageJ software (http://imagej.nih.gov/ij, NIH)
was employed for image processing and cell viability quantification.

2.9. Histological and immunofluorescence analysis

After 21 days in culture, the morphology and phenotype of both
Caco-2 and NIH-3 T3 cells present in the bioprinted hydrogels featuring
the intestinal crypt-villus microstructure were studied by immuno-
staining. Histological cuts were performed for this purpose. To preserve
the morphology of the villus and crypt-like features on the soft hydro-
gels, samples were embedded following a protocol developed by our
group [45]. Briefly, after fixation with 10 % neutral buffered formalin
solution (Sigma-Aldrich) at 4 °C for 1 h, samples were submerged in a
prepolymer solution containing 10 % w/v of PEGDA 575 kDa (Sigma-
Aldrich) and 1 % w/v of 2-Hydroxy-4-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure D-2959) photoinitiator (Sigma-Aldrich) in
phosphate buffered saline (PBS) (ThermoFisher) and kept overnight at
4 °C. Then, samples were placed within poly(dimethyl siloxane) (PDMS)
(Dow corning) round pools of 12 mm in diameter and 2 mm in thickness
attached to a plastic support, which was filled with PEGDA 575 kDa
prepolymer solution. The construct was then irradiated using UV light at
365 nm wavelength in a MJBA mask aligner (SUSS MicroTech). To
ensure the formation of a homogeneous block, samples were irradiated
twice for 100 s at 25 mW/cm? of power density, first from the top and
then from the bottom, by flipping the sample downwards. An additional
first exposure of 40 s was required to form a support base to keep the
plastic support in place. After UV exposure, unreacted polymer and
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photoinitiator were washed out with PBS. Then, samples on PEGDA
blocks were immersed overnight in 30 % sucrose solution (Sigma-
Aldrich) at 4 °C for cryoprotection, further embedded in OCT (Tissue-
Tek® O.C.T. Compound, Sakura® Finetek) and stored at —80 °C for at
least 12 h. Finally, they were cut with a cryostat (Leica CM195) and
histological cross-sections sections of ~7 pm thickness were recovered,
attached onto glass coverslips, air dried and stored at —80 °C until use.

For immunostaining, samples on glass coverslips were left to un-
freeze overnight at room temperature (RT) and washed carefully with
PBS. Then, cells were permeabilized with 0.5 % Triton-X (Sigma-
Aldrich) at 4 °C for 2 h and blocked with 1 % bovine serum albumin
(Sigma-Aldrich), 3 % donkey serum (Millipore), and 0.3 % Triton-X at
4 °C for 2 h. Drops of 50 pL containing primary antibodies against
fB-catenin (Abcam) (1 pg/mL), Ecadherin (BD Biosciences) (2.5 pg/mL),
collagen IV (Biorad) (1.6 pg/mL), fibronectin (Santa Cruz) (2 pg/mL)
and Laminin (Abcam) (0.65 pg/mL) were placed on top of the sections
and incubated overnight in a moisture chamber at 4 °C under shaking
conditions, and covered with Parafilm® (Sigma-Aldrich) to prevent
drying. After several washing steps with PBS, samples were incubated
with the secondary antibodies anti-goat Alexa 647, and anti-rabbit Alexa
488 or anti-mouse Alexa 488 (Invitrogen, ThermoFisher) (4 pg/mL)
together with Rhodamine-Phalloidin (Cytoskeleton) (0.07 pM) for 2 h at
4 °C, and finally, were incubated with DAPI (5 pg/mL) for 30 min. In the
case of anti ZO-1 staining (ThermoFisher) (2.5 pg/mL), an antigen
retrieval treatment was performed prior sample permeabilization to
enhance its signal. Briefly, samples were boiled for 10 min after un-
freezing in citrate buffer solution (10 mM citrate and 0.05 % v/v of
Tween20 in MilliQ water, previously adjusting the pH at 6), controlling
bubble formation. Then, the staining procedure continued as for the
other markers. After immunostaining, samples were covered by thin
glass coverslips with a drop of Fluoromount G (Southern Biotech) and
were imaged using a confocal laser-scanning microscope (LSM 800,
Zeiss).

Some samples were also used for hematoxylin and eosin (H&E)
staining. Briefly, once at RT, samples were incubated with Harris He-
matoxylin (Sigma-Aldrich) for 2.5 min, with acid alcohol for 1 min, with
ammonia water for 2 min and with Eosin solution (Sigma-Aldrich) for 1
min. Between each incubation, samples were rinsed in running cold
water for 3 min. Finally, samples were dehydrated in increasing con-
centration of alcohols, cleared two times in xylene (Sigma-Aldrich),
mounted in xylene-based mounting medium (Eukitt, Panreac) and
imaged using transmitted light.

2.10. Epithelial barrier integrity measurements by monitoring the
transepithelial electrical resistance (TEER)

The growth and integrity of the epithelial barrier formed on top of
the 3D bioprinted hydrogels was assessed by monitoring the trans-
epithelial electrical resistance (TEER) between the apical and baso-
lateral compartments defined by the Transwell® inserts. This was
tracked three times per week using an EVOM2 Epithelial voltohmmeter
with an STX3 electrode (World precision Instruments) for a total culture
time of 21 days. The resistance values measured were corrected by
subtracting the resistance of the porous PET membranes of the Trans-
well® inserts and the resistance of the cell-free and cell-laden crypt-
villus hydrogels. TEER values were normalized by the total surface area
of the epithelial monolayers, taking into account the morphology of the
printed features [6].

2.11. Statistics and data analysis

Graphpad Prism 8 software was used for data treatment and analysis.
The data in graphs are presented as mean values with standard deviation
(SD). In the case of normal distributions, statistical significance was
interrogated by means of one-way ANOVA test. Turkey's test was also
performed when indicated in the figure captions. Values of p < 0.05
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were used to consider differences as statistically significant.
3. Results

3.1. Optimization of a low-cost DLP-SLA 3D printer allows the bioprinting
of high-resolution soft hydrogel 3D constructs of low polymer content

To successfully employ our low cost DLP-SLA 3D printing system as
bioprinter, we customized the device including (i) an aluminum-based
dedicated printing support and vat suitable for small solution volumes
(<2 mL), (ii) a flexible heater with a thermostat to keep the bioink so-
lutions at 37 °C allowing for the use of cell-laden polymers, and (iii) an
infrared (IR) filter coupled to the output of the projector to minimize cell
damage (Fig. 1A). As bioink we used a GelMA-PEGDA prepolymer so-
lution containing 5 % w/v GelMA and 3 % w/v PEGDA, using 0.4 % w/v
LAP as photoinitiator (Fig. 1B). The low concentration of high molecular
weight polymers was chosen to favor the spreading and migration of the
embedded cells; however it challenged the printability of the high
aspect-ratio villus-like structures. Previous works used bioinks with
higher macromer content polymers (typically ranging from 10 to 30 %
(w/v)) to guarantee self-standing features maintaining the printing res-
olution [29,34], resulting in dense matrices not suitable for bioprinting
purposes. In this work, we aimed at optimizing the printing parameters
to obtain robust high-aspect ratio structures with low polymer content to
allow for cell embedding. To improve the resolution of our printing
results, an additional photoabsorbing agent (tartrazine) was added to
the bioink mixture. This synthetic azo dye highly soluble in water has an
absorption peak centered around 436 nm, overlapping both the emission
spectrum of our light source, and the LAP absorption peak (~375 nm),
resulting in a beneficial mixture for printing well defined 3D structures
[46]. NIH-3 T3 mouse embryonic fibroblasts were chosen to validate the
suitability of our setup for bioprinting, since they are commonly used for
cell encapsulation experiments [13,47]. In addition, these cells repre-
sent the fibroblast cell population within the stromal compartment of
our intestinal model. Indeed, this cell type has been extensively used in
co-cultures with murine but also with human cells as feeder layer [48],
and has been reported to enhance epithelial proliferation and differen-
tiation via paracrine effects when co-cultured with Caco-2 epithelial
cells [47,49]. For this purpose, 7.5.10° cells/mL were mixed with the
GelMA-PEGDA bioink. The mixture was placed in the vat and the CAD
design model with the optimized intestinal villous structures (see Sup-
plementary Information and Fig. S4) was printed. Cell-laden samples
were printed on top of treated porous PET membranes to be later
mounted on Transwell® inserts for cell culture (Fig. 1B).

In order to mimic the small intestine architecture, different CAD
models including both extruded features resembling the villi and holes
recreating the crypts of the tissue were produced and printed. Crypts and
villus heights, diameters, and distances among them (i.e., pitch) were
varied according to reported values for this tissue in humans (Fig. S4)
[50]. A hydrogel base in the shape of a thin disc was added as handling
support for the whole structure as well as for the cells to feel the me-
chanical properties of the soft material. The optimized CAD design was
selected with a base thickness of 250 pm, invaginations of 150 pm, and
protrusions of 700 pm (Fig. 2A), leading to homogeneous, well-defined
self-standing crypt-villus features with physiologically relevant di-
mensions (Fig. 2B). In DLP-SLA systems, the total printing time (also
known as building time) is dependent on the predefined layer thickness
and the single layer exposure time [31]. So, in terms of throughput, large
layer thicknesses and short exposure times should be beneficial. More-
over, since we used a bioink with a low polymer content, the printing
parameters should be carefully optimized. Thus, we evaluated the effect
of the concentration of the photoabsorbing agent, single layer exposure
time and layer thickness on the morphology of the bioprinted intestinal
mucosa constructs (Fig. 2C). As stated before, we used tartrazine as a
photoabsorber to better confine the photopolymerization reaction.
Fixing the printing parameters to 61.5 mJ/cm? as exposure energy dose
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Fig. 2. Impact of the printing parameters on the 3D microstructures. A) CAD design with the optimized villus and crypt dimensions for the fabrication of the final
prints (B), corresponding printing results obtained using 5 % w/v GeLMA, 3 % w/v PEGDA, 0.4 % w/v LAP and 0.025 % v/v tartrazine as bioink. Scale bar = 1.5 mm

(top views), 400 pm (cross-section).

per layer, with a predefined layer thickness of 13 pm (net z motor
displacement), we tested three different GelMA-PEGDA-LAP bioinks
with tartrazine at concentrations of 0.01, 0.025 and 0.05 % w/v (0.19,
0.47 and 0.94 mM, respectively), which are below the cytotoxic range of
this dye (2.5-4 mM) [51,52]. As observed in Fig. S5A, for the lowest
tartrazine concentration, the crosslinking confinement was not efficient
and it was extended to the regions with no direct light exposure,
resulting in overexposed structures. As a consequence, 3D microstruc-
tures looked as partially embedded within a thick base, significantly
decreasing their free height (tip to base distance) of about 80 %
compared to the intended dimensions (Fig. 2C, left pannel). When
increasing the tartrazine concentration to 0.025 % w/v the crosslinking
reaction was better confined, and significantly thinner and larger fea-
tures were obtained. For the highest tartrazine concentration tested
(0.05 % w/v), the crosslinking was confined very efficiently, and the
features were well defined but, for the high aspect ratio of the 3D mi-
crostructures structures did not self-stand (Fig. S5A).

Thus, the optimized GelMA-PEGDA-LAP bioink with tartrazine at a
concentration of 0.025 % w/v was used to evaluate the effects of two
printing parameters on the morphology of the 3D microstructured
hydrogel: the exposure time and layer thickness. We first varied the
single layer exposure time between 1 and 10 s, applying an incident
optical power of 12.3 mW/cm? and a fixed thickness per printed layer of
18 pm. A poorly crosslinked hydrogel was obtained for the lowest
exposure time tested (Fig. S5B), probably because the energy dose
applied per printed layer E (12.3 mJ/cm?) was lower to the estimated
critical energy needed for the polymer chains to achieve enough cross-
linking degree and form a gel, E. (~35 mJ/cm?) for our particular
approach. Increasing the exposure time up to 5 s, we obtained well
crosslinked finger-like 3D microstructures of a free height matching the
one defined by the CAD design and with the proper aspect ratio
(Fig. 2C). Longer exposure times allowed the propagation of the cross-
linking reaction to regions not illuminated by the pattern, triggering an
overexposure reaction. The evaluation of the impact of the layer

thickness on the morphology of the 3D microsctructured scaffolds was
performed by fixing the exposure energy to 61.5 mJ/cm? (i.e. 5 s of
single exposure time), varying the layer thickness between 10 and 25
pm. As shown in Fig. S5C, the smallest thickness values tested per
printed layer resulted in self-standing 3D microsctructured features,
with some overexposure localized at the surrounding regions, but nice
free feature heights close to those imposed by the CAD design (Fig. 2C).
Thicker layer thicknesses, however, resulted in less defined features that
did not self-stand (Fig. S5C). These results are in agreement with pre-
vious findings above and proved that, for a given bioink composition
and energy dosage, lower voxel units (i.e. shorter layer thicknesses) can
be achieved, enhancing the printing resolution [32].

3.2. Mechanical and diffusion properties of bioprinted GelMA-PEGDA
hydrogels of optimized composition

The network architecture of hydrogels is directly correlated with
their water uptake capacity, which affects the penetration and transport
of essential nutrients and oxygen [53]. Hence, it is relevant to charac-
terize the swelling properties of the hydrogels produced using the pre-
defined bioink formulation and printing parameters leading to the
optimized crypt-villus scaffolds (see supplementary information and
Fig. S6). The swelling ratio measured for our 3D bioprinted hydrogels
was significantly lower than previous values reported for GeIMA-PEGDA
co-networks of similar macromer content (3.75 % w/v GelMA - 3.75 %
w/v PEGDA) but different polymer rate [13]. It is recognized that
GelMA-PEGDA hydrogels exhibit tailorable swelling properties, which
primary depend on the GelMA's methacrylation degree and the total
macromer concentration. PEGDA is a hydrophilic polymer whose mol-
ecules have two binding sides at the end of the chain, whereas GelMA
has multiple crosslinking points over the chain, in agreement with its
methacrylation degree. Thus, increasing the GeIMA content of our bio-
ink, denser networks can be achieved, leading to lower swelling rates
due to its decreased interaction with water molecules [53].
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Furthermore, the printing parameters chosen, such as the energy dose
applied, and the nature and concentration of the photoinitiator used,
have also been proved to have a direct impact on the swelling behavior
of the bioink [54]. Additionally, in this case, the presence of a photo-
absorbing agent in the bioink composition affects the photo-
polymerization process (Fig. 2C and Fig. S5A), also altering the swelling
properties.

Another parameter that is of paramount importance when embed-
ding cells in a 3D matrix is the stiffness of such matrix, which ideally
should be close to the in vivo tissue. For the intestinal tissue, elastic
moduli values ranging from 1 to 100 kPa are reported [55,56]. Fig. 3A
shows the components of the complex shear modulus measured as a
function of the shear strain. The plots revealed a typical behavior
characteristic of viscoelastic solids (G' > G") with a certain degree of
crosslinking in its network structure [57]. We also determined that, as
previously observed in the printing results and the swelling behavior,
the crosslinking degree and thus, the mechanical properties, can be
tuned by just changing the tartrazine concentration (Fig. S7). For the
optimized bioink solution, which included tartrazine at a concentration
of 0.025 % w/v, the storage modulus G' measured from the linear region
of the curve (up to 0.01 % of the shear stress) was 2.07 + 0.41 kPa. This
value lays between those obtained for 8 % w/v GelMA and 8 % w/v
PEGDA, being closer to the latest (Fig. 3B). Considering our hydrogels as
quasi-isotropic materials (Poisson's coefficient of ~0.5), the apparent
elastic moduli when adding 0.025 % w/v of tartrazine to the bioink
composition resulted in 5.94 + 0.19 kPa, evidencing the softness of our
gels. Moreover, these values obtained in agreement with others reported
in literature for PEGDA- and GelMA-based hydrogels [6,58,59], as well
as with the ones from other materials typically employed for in vitro 3D
tissue cultures, such as Matrigel® and Collagen I, measured using similar
standard assays [60]. In addition, the mechanical properties measured
for our bioprinted hydrogels were within the range of the ones described
for in vivo soft tissues [55].

A
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3D matrices for cell cultures should also guarantee the transfer of
nutrients and oxygen and the excretion of waste metabolites. These mass
transfer properties are related with the porous structure of the bio-
printed GeIMA-PEGDA hydrogels. To gain insight on that, the diffusion
profiles of model dextran compounds of different molecular sizes were
measured, and their apparent diffusion coefficients through the hydro-
gel co-network were estimated (Fig. 3C). While the hydrogel acted as a
diffusion barrier for large molecules (500 and 2000 kDa, see Fig. S8), it
allowed the diffusion of small (4 kDa) and medium size molecules (70
and 150 kDa). The size exclusion limit, defined as the smallest dextran
diameter excluded from the pores, was determined from the plot of the
diffusion coefficients versus the In (MW) (see Fig. S4) [43]. The molec-
ular weight exclusion limit was found to be 360 kDa (215 to 750 kDa, 95
% CI). This pore size ensures good mass transfer properties for the cell
survival within the hydrogels since it allows for diffusion of molecules
such as albumin (58 kDa), one of the most abundant proteins present in
cell culture media.

3.3. Bioprinted GelMA-PEGDA hydrogels sustain cell culture effectively

Once the printing system and the model geometries were optimized
and the hydrogel scaffolds characterized, NIH-3T3 fibroblasts as repre-
sentatives for the intestinal stromal compartment were added to the
prepolymer mixture. First, the distribution of fibroblasts within the in-
testinal bioprinted samples was investigated via H&E and F-actin
staining at different culture time points using both histological cuts and
full thickness samples. At different time points after encapsulation,
samples were fixed and embedded in low molecular weight PEGDA to
protect the integrity of the soft 3D bioprinted microstructures, following
the dedicated protocol developed by our group [45]. Thereafter, sam-
ples were embedded in OCT® medium and cross-sectioned before
staining and imaging. 3 days after encapsulation, cells appeared ho-
mogeneously distributed within the whole volume of the hydrogel

Fig. 3. Mechanical and diffusive properties of the bio-
printed hydrogels: A-B) Mechanical performance of the
printed gels for samples containing 0.025 % w/v of photo-
absorber. Rheological curves showing G' and G" moduli (A)
and comparison of complex, storage and loss moduli (B).
(C) Diffusion coefficients for dextran molecules of different
sizes diffusing through the bioprinted hydrogels (FD2000 =
2000 kDa, with a hydrodynamic diameter of 41.6 nm;
FD500 = 500 kDa, with a hydrodynamic diameter of 32 nm;
FD150 = 150 kDa, with a hydrodynamic diameter of 17 nm;
FD70 = 70 kDa, hydrodynamic diameter of 11.6 nm; FD4 =
4 kDa, hydrodynamic diameter of 2.8 nm). Results are
shown as mean 4 SD (min n = 3).
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Fig. 4. Cell distribution and viability after bioprinting: (A-B) NIH-3 T3 distribution in 3D bioprinted cell-laden microstructures 3 days post encapsulation by means of
H&E staining of histological cuts (A) and immunofluorescence of full thickness samples (B). F-actin (red) and nuclei (blue) show uniform fibroblasts distribution
along and within the structure, evidenced by the transversal cuts (left). Cells near the surface appeared spread and elongated, whereas the ones inside the villi are still
protruding. Scale bars = 50 pm. (C) Top maximum intensity projection of 3D bioprinted intestinal model 10 days post encapsulation after live/dead assay (live cells
stain in green, dead cells in red), with detailed views of a single villi (right) and a single crypt region (bottom). Hoechst was used to stain the nuclei. Scale bars = 100
pm (top and 3D view) and 200 pm (zoom in regions). (D) Cell viability quantification based on live/dead staining, 1, 7 and 10 days post-encapsulation. Values are the

mean percentage of cell viability +/— SD (n = 4). **** p < 0.0001; *** p = 0.008.

(Fig. 4A); being the ones closer to the surface and crypt regions starting
to spread (Fig. 4B).

Cell viability within the bioprinted hydrogels was evaluated using a
Calcein-AM/ethidium homodimer live/dead assay and confocal micro-
scopy 1, 7, and 10 days after cell encapsulation. Fig. 4C shows the cells
distribution in the printed samples 10 days post-encapsulation. Cells
were well distributed within the hydrogels colonizing the 3D villous
microstructures and forming an entangled mesh. Detailed views of a
single villi tip and a crypt confirm these results (Fig. 4C, detailed views).
Overall, the cell viability after the bioprinting process was excellent with
this method (above 90 + 2 %, 24 h post-encapsulation) (Fig. 4D). This
might be related to a friendly bioprinting process and to the relatively
small swelling of the bioinks we used, which minimizes cell stress after
printing [13]. After 7 and 10 days in culture, the cell viability slightly

increased with respect to the values obtained 24 h after encapsulation,
resulting in 93 + 2 % and 96 + 2 %, respectively. These results proved
that both the bioink composition selected and the printing parameters,
result in hydrogels able to sustain cell culture in an effective manner.

3.4. Bioprinted intestinal stromal cells support the growth of the epithelial
monolayer to obtain a functional 3D in vitro model of the small intestinal
mucosa

Once demonstrated the suitability of the bioprinted 3D hydrogels for
cell culture, we combined the cell-laden GelMA-PEGDA bioprints with
the co-culture of epithelial cells on top to create a 3D in vitro model of the
small intestinal mucosa. Fibroblast-laden hydrogels including villus and
crypt features were bioprinted by mixing the GelMA-PEGDA bioink with
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NIH-3 T3 cells at a density of 7.5-10° cells/mL. After the bioprinting
process, samples were mounted in Transwell® inserts and Caco-2 cells
were seeded on top (Fig. 5A).

After 21 days in culture, Caco-2 cells fully covered the fibroblast-
laden hydrogels by a continuous epithelial monolayer (Fig. 5B right).
The embedded fibroblasts were key for the development of the epithelial
monolayer, since Caco-2 cells grown on top of cell-free hydrogels used as
controls did not achieve a fully covered monolayer; colonizing the villus
tips but being clustered on the crypts' and base regions creating some
uncovered areas (Fig. 5B left). The epithelial surface coverage can be
better observed with the histological cuts (Fig. 5C). Samples with only
epithelium growing onto a cell-free hydrogel showed discontinuities in
the epithelial monolayer, mainly at the crypt regions (Fig. 5C top),
which may be attributed to the lower adhesion forces between cells and
the concave substrate due to the soft nature of the gels [13,61]. In
contrast, the model of the full mucosa with the stromal and epithelial
compartments showed a continuous monolayer supported by an un-
derneath lining of embedded fibroblasts (Fig. 5C bottom). In both cases,
epithelial cells grown on top of both fibroblast-laden and control the
bioprinted hydrogels showed accumulation of F-actin at their apical
region, which is compatible with the presence of brush borders skeleton
of polarized intestinal epithelia.

We also assessed the effective barrier function of the epithelial
monolayers by measuring the transepithelial electrical resistance
(TEER) along the culture time (Fig. 5D). Consistent with the microscopy
observations, control samples showed very low TEER values, corre-
sponding to uncomplete epithelial monolayers. In contrast, TEER values
of fibroblast-laden hydrogels with Caco-2 cells on top experienced a
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boost after 9-11 days in co-culture and increase until forming a plateau
from day 15 on, reaching values of ~200 Q cm?. These values are similar
to those reported for Caco-2 epithelial monolayers grown on 3D villous
structures [6,62]. Therefore, from these experiments we can conclude
that the presence of the fibroblasts favors the growth of the epithelial
monolayers on top of GelMA-PEGDA bioprinted hydrogels. Previous
works have also reported an increased epithelial proliferation and dif-
ferentiation in co-cultures of fibroblasts and epithelial cells [13,47,49].
However, this epithelial-stromal crosstalk did not only affect the
epithelial barrier development. We also observed a characteristic cell
distribution of the embedded fibroblasts along the crypt-villus axis.
While cell density within the hydrogel bulk and the core of the villi was
quite low, fibroblasts accumulated at the tips of the villous structures
and the crypt regions, regions where the surface of the sample suffer
more abrupt changes (Fig. 6A). Such uneven fibroblast distribution
along the crypt-villus axis has a striking resemblance to what has been
previously reported in the field [8,11]. Moreover, not only fibroblast
distribution but also their morphology and appear is dependent on their
specific location across the sample. Fibroblasts surrounded by hydrogel
showed a roundish morphology and fibroblasts closer to the epithelial
layer exhibited an elongated morphology. Specifically, in the tip fibro-
blasts assembled in a compact multilayered manner (Fig. 6Aa), whereas
in the crypts appeared less packed, but spread, forming an entangled
mesh oriented towards the epithelial monolayer (Fig. 6Ab). On contrary,
in the lateral surface of the villous structures, fibroblasts were elongated
but sparse (Fig. 6Ac). This cell distribution would favor the attachment
and growth of the epithelial Caco-2 cells. In fact, we observed a highly
defined accumulation of laminin underneath the epithelial cells,
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Fig. 5. Monitoring of the 3D printed intestinal mucosa model: (A) Schematic illustration of the Caco-2 seeding process on printed structures previously assembled on
modified Transwell® insert. (B) Brightfield images of co-culture and control samples after 21 days in culture. * denote regions non-covered by the epithelial
monolayer. Scale bars = 100 pm. (C) Mean +/— SEM, n = 7 (min). Inmunostaining on histological cuts showing epithelial and fibroblast distribution after 21 days in
culture: F-actin (grey), Collagen IV (yellow), Nuclei (blue). Scale bars = 200 pm. (D) TEER values showing the Caco-2 monolayer progression on top of the printed

hydrogels with and without containing embedded NIH-3 T3.
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Fig. 6. Effect of the epithelium on the stromal distribution. (A) H&E staining showing fibroblasts distribution at different regions of the samples and their co-
localization with epithelial cells: villus tip (a), crypt (b) and lateral villus surface (c). Scale bars = 100 pm and 20 pm details. (B-C) Immunostainings of the main
markers for both cellular compartments at different regions of the microstructures. (B) Laminin (magenta), collagen IV (yellow) and fibronectin (cyan) evidence the
fibroblast activity within the gels and the formation of the basement membrane. Sale bars = 100 pm and 20 pm details. (C) E-cadherin (red) and vimentin (green)
show the distribution and localization of both cell types. Scale bars = 100 pm and 20 pm details. All samples were fixed and stained after 21 days of culture.

characteristic of the intestinal basement membrane (Fig. 6B), which also
endows epithelium growth [63]. Collagen IV, another main component
of the intestinal basement membrane, was also deposited underneath
the epithelial monolayer (Fig. 5C and Fig. 6B). In this case, we observed
an increased expression of collagen IV by the cells located at the crypt
regions, suggesting different functionalities depending on the cell loca-
tion. Other ECM proteins present in the intestinal interstitial matrix such
as fibronectin were also expressed in our bioprinted 3D gut model
(Fig. 6B). Thus, when in co-culture, fibroblasts showed the capability of
remodeling the matrix acting as basement membrane, providing a
proper cellular microenvironment for the growth and migration of the
epithelial cells and promoting the maturation of their junctions as shown
in the expression of the intercellular junctions E-cadherin, f-catenin and
Z0-1 (Fig. 6C and Fig. S9). Epithelial morphology appeared as evolving
from columnar at the crypts and the tips of the villi, to cuboidal along
their walls for both samples (Fig. 6C). Concomitantly, epithelial cell
density also varied along the 3D structures. These findings agree with
the results found in similar 3D in vitro models [45], and, more impor-
tantly, with results reported from in vivo studies the intestinal epithelium
[64,65].

4. Discussion

The use of light-based 3D printing techniques has grown exponen-
tially in the past years, becoming one of the most promising fabrication
strategies in the bioengineering field [21]. The combination of bioinks
with cells to produce complex 3D functional living tissues is of particular
interest [20,21]. However, the presence of living cells imposes specific
requirements on the printing process to avoid cell stress and toxicity.
Specifically, the nature and concentration of the photoinitiator
employed, the printing time and dose, and the light source used should
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be carefully controlled [21].

In this work we customized a DLP-based bioprinting system based on
visible-light photopolymerization and proved its suitability for the
controlled printing of cell-laden bioinks with low macromer content.
The apparatus was successfully adapted for printing highly transparent
photosensitive polymers in reduced volumes, including temperature
sensitive materials such as GelMA, and cell-laden bioinks, leading to
high cell viability rates. Despite similar systems have been previously
introduced [14,66-68], it is still challenging to faithfully crosslink so-
lutions of low macromer content (< 10 % w/v), which are key to guar-
antee the survival of cells in soft tissues [50,53]. These polymeric
solutions render hydrogels that possess variable swelling and mechani-
cal properties in the range of those featured by soft tissues (< 40 kPa)
[13,68], which can be adapted on demand to better recreate the
particular physicochemical properties of different extracellular matrix
tissues, including cell adhesion and matrix remodeling capabilities,
while having good mass transfer properties to allow cell viability for
long time periods. By investigating the printing parameters suitable to
produce well defined and mechanically stable printed constructs of
GelMA - PEGDA polymer solutions, we could estimate the impact of the
main printing parameters (printed layer thickness, printing time per
layer, exposure intensity, CAD design characteristics) on the bioprinting
process. It is worth to mention that these parameters are entangled in
printing process and, while on the one hand make pose some difficulties
to find the proper conditions, on the other hand, when using a suitable
bioink, provide the system with an easy, straightforward methodology
to fine tune the crosslinking density of the hydrogel. Additionally, the
optical characteristics of the bioink were also adjusted by adding a
photosensitive dye, tartrazine, to the prepolymer mixture [32,34]. We
found that by adjusting the content of tartrazine, it is possible to modify
the gelation kinetics of the bioink and achieve a better confinement of
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the crosslinking reaction, thus, minimizing the undesired overexposure
effects. With this approach, we can produce in a reproducible and reli-
able manner mechanically stable hydrogel prints of complex architec-
tures such as the crypt-villus structures mimicking the small intestinal
mucosa. We employed as bioink a mixture of a natural derived polymer
(GelMA) and a synthetic polymer (PEGDA) that provide both cell
adhesion and remodeling cues and mechanical long-term stability
[7,13,53,69], and we obtain a functional in vitro 3D model of the in-
testinal mucosa containing the epithelial but also the stromal compart-
ment. Multiple works have demonstrated the importance of including
the 3D architecture of the small intestinal tissue when addressing
questions going from basic biology till drug absorption, drug-pathogen
interactions, or disease modeling [6,7,62,69,70]. However, the role of
the stromal compartment in these structured 3D models has been largely
neglected due to the challenge of their biofabrication. With our opti-
mized bioprinting procedure we could successfully obtain hydrogels
that not only feature the crypt-villus architecture of the native tissue, but
also include the relevant cell populations of the stromal and epithelial
compartments and its functionality as tissue barrier, thus providing a
unique in vitro model of the intestinal mucosa. This model is compatible
with the standard assays such as TEER measurements or histological
stainings, emphasizing its potential applications in the field of in vitro
tissue modeling. Furthermore, we could evidence the crosstalk between
the different cell populations. The embedded fibroblasts boosted the
growth and differentiation of the epithelial monolayer, forming a
continuous effective barrier. These interactions have been mainly
attributed to the paracrine signaling via hepatocyte growth factor (HGF)
and keratinocyte growth factor (KGF), among others secreted by the
mesenchymal cells [47,49]. However, we have also observed that these
encapsulated fibroblasts secreted laminin and collagen IV that form a
highly defined basement membrane underneath the epithelium. These
ECM proteins would also contribute to the formation and differentiation
of the epithelial barrier.

Noteworthy, this epithelial-mesenchymal crosstalk is bidirectional.
Fibroblasts close to the surface showed a migratory phenotype towards
the epithelium. Also, the histological studies revealed a characteristic
distribution of the embedded fibroblasts, which accumulate at the tips of
the villi and the crypt regions similar to what has been shown in vivo
[64,65,71,72]. Interestingly, those are regions with a highly curved
surface, convex or concave. In the recent years, the effect of the local
curvature on cell behavior has gain a lot of attention [71-73]. Our
bioprinted model would allow to study the effect of the tissue archi-
tecture and curvature not only on the epithelial cells of the surface but
also on the migration, proliferation and distribution of the encapsulated
cells.

Another main application of our bioprinted model of the intestinal
mucosa is the impact of the 3D architecture on drug transport. We have
recently demonstrated that the bioprinted villus-like topography
significantly affected the expression of relevant drug transporters
providing a more physiological model to study drug absorption [74].
Thus, our light-based 3D bioprinting approach paves the way to obtain
physiologically relevant tissue models in a robust and systematic
manner to be used in multiple fields of research. Besides, this approach
does not have any inherent constraint to be scalable to the size of a
conventional well-plate, thus providing a suitable alternative to include
complex 3D models of tissues in standard assays.
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