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ABSTRACT: Collagen and gelatin methacryloyl (GelMA) are
widely studied biomaterials for extrusion-based bioprinting (EBB)
due to their excellent biological properties and ability to mimic the
extracellular matrix of native tissues. This study aims to establish a
preliminary workflow for approaching EBB by assessing collagen
and GelMA printability and biological performance. GelMA was
selected for its cost-effectiveness and ease of synthesis, while our
collagen formulation was specifically optimized for printability,
which is a challenging aspect of bioprinting. A parallel evaluation of
their printability and biological performance is provided to develop
a preliminary 3D intestinal model replicating the submucosa,
lamina propria, and epithelial layer. Rheological analyses
demonstrated that both materials exhibit a shear-thinning behavior.
Collagen (u-CI) displayed a shear-thinning parameter p = 0.1 and a consistency index C = 80.62 Pa·s, while GelMA (u-GI) exhibited
a more pronounced shear-thinning effect and enhanced shape retention (p = 0.06, C = 286.6 Pa·s). Post-extrusion recovery was
higher for collagen (85%), compared to GelMA (45%), indicating its greater mechanical resilience. Photo-crosslinking improved
hydrogel stability, with an increase in storage modulus G′ for both materials. Printing tests confirmed the suitability of both
hydrogels for bioprinting, with GelMA demonstrating higher print fidelity than collagen. Dimensional stability assessments under
incubating conditions revealed that collagen constructs maintained their shape for 14 days before degradation, whereas GelMA
constructs exhibited a gradual decrease in diameter over 21 days. Cell culture studies showed that human skin fibroblasts (HSFs)
and human colon adenocarcinoma cells (HCT-8) could be successfully cocultured in an optimized RPMI 1640-based medium.
AlamarBlue assays and Live/Dead staining confirmed high cell viability and proliferation within both hydrogel matrices. Notably,
HSFs in GelMA exhibited more elongated morphologies, likely due to the material’s lower stiffness (380 Pa) compared to collagen
(585 Pa). HCT-8 cells adhered more rapidly to GelMA constructs, forming colonies within 7 days, whereas on collagen, colony
formation was delayed to 14 days. Finally, a layered intestinal model was fabricated, and immunostaining confirmed the expression of
tight junction (ZO-1) and adhesion (E-cadherin) proteins, validating the epithelial monolayer integrity. These findings highlight the
potential of collagen and GelMA in 3D bioprinting applications for gut tissue engineering and pave the way for future developments
of in vitro intestinal models.
KEYWORDS: GelMA, collagen, 3D bioprinting, intestine bioprinted model, rheology

■ INTRODUCTION
Bioprinting is gaining interest in tissue engineering,1 toxicity
testing, drug discovery,2 and organ-on-a-chip platforms.3 It
enables the codeposition of cells and biomaterials (i.e., what is
called a bioink) in complex microstructures with fine spatial
control. The three-dimensional (3D) bioprinted constructs
accurately reflect the histological and physiological complexity
of real tissues by simulating cell-microenvironment inter-
actions.4−6 Extrusion-based bioprinting (EBB) enables the
rapid fabrication of 3D scaffolds by continuously depositing
layers of bioink filaments.7 Due to its broad viscosity range
processability (from 30 to 6 × 107 mPa·s), multi-material

printing capability, and suitability for high cell densities,8 EBB
remains one of the most used bioprinting techniques.9

However, it provides lower resolution than other methods,
limiting its ability to accurately replicate fine in vivo
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microstructures. Hydrogels used in bioink formulation must be
biocompatible, biodegradable, and mechanically suitable.10

Among these, rheological properties critically influence
printability and shape fidelity.11 The ideal bioink should
exhibit (i) a gel-like state before dispensing (ii) shear-thinning
behavior during extrusion and (iii) structural retention
postdeposition. Therefore, evaluating hydrogel viscoelasticity
is essential in bioink development alongside cell viability and
proliferation assessments.

Commonly used biomaterials for bioprinting include natural
polymers such as alginate, gelatin, collagen, hyaluronic acid,
chitosan, and decellularized extracellular matrices (d-ECMs),
as well as synthetic polymers, including poly(ethylene glycol)
(PEG), Pluronic, poly(vinyl alcohol) (PVA).12 Among these,
collagen is particularly relevant due to its abundance in the
human body, high biocompatibility, and low immunogenicity,
which have supported its widespread biomedical use.13

Collagen is the major insoluble fibrous protein in the ECM
and connective tissues, encoded by a large family of genes.
Twenty-eight different types of collagen have been identified,
and classified based on their gene sequences, structural
organization, and tissue distribution.14,15 Its application in
3D bioprinting is challenging due to low mechanical strength,
limited mass transport, and structural instability. To overcome
these limitations, fibrillar collagens have been used instead of
the soluble collagen forms. Fibrillar collagens, such as type I,
exhibit a characteristic triple-helical structure that self-
assembles into fibrils under physiological conditions. Typically,
fibrillar collagens require weakly acidic conditions for
resuspension and printing, which are not cell compatible. A
recently developed equine tendon-derived fibrillar collagen
bioink formulation (see Materials and Methods section)
overcomes these challenges, enabling 3D structures with
tunable mechanical properties in physiologically relevant
conditions. Methacrylated gelatin (GelMA) is another widely
used biomaterial in bioinks. Derived from collagen, gelatin
undergoes thermoreversible gelation, but methacrylation
allows for chemical crosslinking, providing enhanced stability.
GelMA is easily synthesized and crosslinked with high
precision, allowing the tuning of mechanical property based
on application requirements while maintaining biocompati-
bility.16,17

The intestinal barrier plays a fundamental role in digestion,
acting as a selective barrier, and it is responsible for the
absorption of water and electrolytes and the elimination of
body wastes.18 In vitro models of the intestinal barrier allow for
an in-depth and accurate study of physiopathological
processes, as well as drug testing. Efforts have been made to
develop 3D bioprinted intestinal models with appropriate
hierarchical architecture and cell composition.19−21 Biomate-
rials such as collagen,20 decellularized matrices,22 GelMA,23

alginate,24 and PEG diacrylate25,26 have been explored.
However, recapitulating the complex structure of intestinal
villi27,28 and cellular composition remains challenging,
especially through EBB, due to its limited resolution compared
to other bioprinting technologies.

In this work, a simplified bioprinted intestinal model was
developed to replicate the three fundamental layers of the
intestinal barrier: the submucosa, the lamina propria, and
epithelial layer.29 Given the resolution limitations of the EBB,
the model does not aim to replicate specific villi micro-
structures but provides a structured platform for intestinal
tissue modeling. Specifically, the submucosa layer was printed

by including patient-derived human skin fibroblasts (HSFs) in
the bioinks, the lamina propria was printed without cells, and
the epithelial layer was recreated by culturing the human colon
epithelial cell line (HCT-8) on the 3D bioprinted construct.
These cell types were selected as biological models to
preliminarily assess the suitability of the materials and EBB
technology for intestinal barrier modeling. Collagen and
GelMA hydrogels were chosen for bioink formulation due to
their widespread use in the scientific community, ensuring
broad applicability. Their morphological, rheological, and
biological properties were investigated to highlight the strength
of each material in the bioprinting process. This work seeks to
introduce a detailed protocol for developing a bioink focusing
on printability, shape fidelity, and cell viability, while proposing
a preliminary in vitro intestinal model, designed for easy
adoption and application to various hydrogels in the EBB
process. Beyond proof-of-concept, the proposed bioprinted
model bridges the gap between oversimplified 2D systems and
clinical applications, offering a versatile platform for future
studies of barrier function, permeability, metabolism, transport,
and toxicity.

■ MATERIALS AND METHODS
2.1. Collagen Hydrogel Preparation. The collagen ink (CI),

made of fibrillar type I collagen (native form) from an equine tendon,
was produced according to a Typeone Biomaterials Srl proprietary
process and provided as a 25 mg/mL ready-to-use sterile suspension
in neutral buffered solution (pH 7.4). No crosslinking agents were
present nor added. Photo-crosslinking of CI is achieved through UV
light irradiation (365 nm) with 12 mW/cm2 intensity for 2 min at a 3
cm distance between the sample and the irradiating lamp.
2.2. Gelatin-Methacrylate Synthesis and Hydrogel Prepara-

tion. Type A gelatin from porcine skin (gel strength 300),
methacrylic anhydride (MAA) (94%), sodium carbonate, sodium
bicarbonate, and dialysis cellulose membranes (12−14 kDa cutoff avg.
flat width 25 mm) were purchased from Sigma-Aldrich. GelMA ink
was produced according to a previously optimized protocol.30 Briefly,
gelatin (10% w/v) was dissolved in a 0.25 M carbonate-bicarbonate
buffer (pH 9). Subsequently, an excess of MAA (0.1 mL/g gelatin)
was dropped into the gelatin solution under vigorous stirring (500
rpm) at 55 °C. Once the reaction started, the formation of
methacrylic acid subproduct resulted in a pH decrease. For this
reason, to promote the methacrylation process, 5 M NaOH was
added to the reaction mixture to adjust the pH to 9. After 1 h, the
reaction was quenched by adding HCl 37%v/v dropwise until
reaching pH 7.4. To remove the methacrylic acid subproduct
produced during the reaction and any traces of unreacted MAA, the
mixture was dialyzed for 5 days at 37 °C under gentle stirring against
ultrapure water (Milli-Q H2O). The dialyzed GelMA solution was
freeze-dried and stored at −4 °C and protected from the light until
further use. The GelMA hydrogel ink (GI) was prepared by dissolving
the lyophilized GelMA in phosphate buffer saline (PBS) (1×) at 37
°C at a final concentration of 5% w/v. The hydrogel was prepared
inside a 5 mL sterile disposable syringe equipped with a female/
female luer lock adapter, enabling the attachment to a second syringe.
This double syringe system was then exploited to mix and
homogenize the hydrogel. Once GelMA was dissolved, Irgacure
2959 photoinitiator (I2959) (Sigma-Aldrich) at a 0.1% w/v
concentration was added to the solution. The GI is photo-crosslinked
with UV light irradiation (365 nm) with 0.96 mW/cm2 intensity for 3
min at a 3 cm distance between the sample and the irradiating lamp
for rheological analysis.
2.3. Rheological Characterization. The rheological properties

of GI and CI were assessed by means of an MCR 102 parallel-plate
rheometer (Anton Paar, Graz, Austria) in a plate−plate geometry with
a diameter of 25 mm (PP-25 plate) and a gap of 0.3 mm. All
measurements were carried out in triplicate at 20 °C to simulate the
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static condition during preprinting and postprinting process. The
following oscillatory tests were carried out: amplitude sweep, gelation,
and an isothermal test. The rotational analysis included flow curves
and three interval thixotropic test (3ITT) and were performed in
controlled shear rate mode. The input data were set up through the
Rheoplus program. About 500 μL of hydrogel was deposited onto the
plate of the rheometer by using a syringe. Subsequently, the upper
plate was lowered until it came into contact with the surface of the
sample. The excess material out of the plates was removed with a
spatula, and the trap was filled with distilled water to avoid
evaporation.

Amplitude Sweep. Amplitude sweep analyses were performed on
both GI and CI before and after crosslinking in a strain range (γ) from
0.01% to 1000% by keeping the frequency constant at 1 rad/s. This
test allows the evaluation of the storage modulus (G′) and the loss
modulus (G″) as a function of the applied strain (%), the
determination of the linear viscoelastic range (LVE), and the
crossover point (G′ = G″) which provides a measure of the stress
needed to induce the flow of macromolecular chains within the
hydrogel. All of the successive tests were carried out within the LVE.

Gelation. This test was exploited to evaluate how the sample’s
rheological properties varied as a function of temperature. The
angular frequency and strain amplitude were kept constant at 1 rad/s
and 0.1%, respectively, to mimic static conditions. The starting
temperature was set to 40 °C while the final one was set to 4 °C, and
a linear ramp of 5 °C/min was applied. This test allowed us to identify
the temperature interval in which the gel-like behavior of the samples
is present, which is important to define printing parameters such as
the printhead and substrate temperatures.

Isothermal Test. An isothermal test is useful to evaluate how the G′
and G″ change over time, by keeping constant the strain amplitude
(0.1%), angular frequency (1 rad/s), and temperature (37 °C). This
measure was performed after the crosslinking process, to evaluate its
effectiveness. The time was set to 10 min, and the temperature of 37
°C was selected to simulate the incubating conditions to which the
printed constructs will be subjected after the printing.

Flow Curves. Flow curve tests were performed in the range of shear
rates (γ̇) from 0.1 to 1000 s−1, with a “ramplog + decade” profile and a

slope of 6. The flow curves are a plot of the viscosity (η) or the shear
stress (τ) as a function of the applied shear rate. The obtained plots
were fitted according to the Ostwald-Waele mathematical model (eq
1) to obtain the shear thinning index (p) and the consistency index
(C).

C p= (1)

Three-Interval Thixotropic (3ITT) Test. 3ITT was exploited to
simulate the extrusion-based 3D-bioprinting process and to assess the
hydrogel’s mechanical properties after the application of high shear
rates. Specifically, the measure was performed with controlled shear
rate (CSR) mode, and the resulting graph reports the viscosity as a
function of time. The rest condition of the hydrogel inside the syringe,
prior to the printing, was simulated by applying a low shear rate (0.1
s−1) at 20 °C. Then, a high shear rate was applied to simulate
extrusion through the nozzle of the printing syringe. This value was
calculated through eq 2.

Q
r

4
3=

(2)

where Q is the volumetric flow rate and r is the value of the nozzle
radius. Q for a cylindrical nozzle was determined using eq 3:

Q vAl= (3)

where Al is the lateral area of the section and v represents the flow
velocity.
2.4. Cell Culture. Materials. Dulbecco’s modified Eagle medium

(DMEM), Gibco Roswell Park Memorial Institute 1640 (RPMI
1640), GlutaMAX, fetal bovine serum (FBS), penicillin/streptomycin
solution, sodium pyruvate, horse serum (HS), and trypsin were
provided by Thermo Fisher Scientific Co LLC (Waltham,
Massachusetts, USA). If not otherwise stated, all other chemicals
used were of analytical grade and purchased from Merk.

HSF Cell Culture. Human skin fibroblasts (HSFs) were isolated
from skin tissue obtained during abdominoplasty surgery (ethics
committee reference 0467-N-20) after obtaining written informed
consent, following a well-established protocol.31 Cells were cultured

Scheme 1. Bioprinting Process of the Intestinal Model: (1) Bioprinting of GelMA Bioink (GB) or Collagen Bioink (CB)
Containing HSFs Cells to Reproduce the Submucosa Layer; (2) Printing of GelMA Ink (GI) or Collagen Ink (CI) to
Reproduce the Lamina Propria Layer; (3) UV Crosslinking of GelMA or Collagen Chains within the Bioink and the ink; (4)
HCT-8 Cells Seeding on the Top Layer; (5) Formation of the Epithelium Monolayer
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with DMEM supplemented with GlutaMAX, 10% FBS, and an
antibiotic/antimycotic solution consisting of 100 U/ml penicillin and
100 μg/mL streptomycin in culture flasks under controlled conditions
(5% CO2 and 37 °C). The culture media was changed every 2 days.
HSFs at passages 4−6 were characterized by flow cytometry for
mesenchymal and hematopoietic surface markers (CD73, CD90,
CD105, CD34, CD45, and HLA-DR), following the established
criteria of the International Society for Cellular Therapy.32

HCT-8 Cell culture. Human colonic epithelial (HCT-8) cell line
was provided by the Center of “Instrumentacioń Cientif́ica” from the
University of Granada. HCT-8 cells were cultured in RPMI 1640
supplemented with 2 mM Glutamine, 1 mM sodium pyruvate, 5% HS,
5% FBS, and penicillin-streptomycin (at concentrations of 100 U/ml
and 100 μg/mL, respectively) in cell culture flasks and maintained at
5% CO2 and 37 °C. The culture media was changed every 2 days.

HSF and HCT-8 Cell Cocultures. Human skin fibroblasts (HSFs)
and Human colonic epithelial (HCT-8) cell lines were cocoltured in
RPMI 1640 supplemented with 5% of FBS and 5% of HS in cell
culture flasks and maintained at 5% CO2 and 37 °C.
2.5. 3D Bioprinting. The conceived model seeks to reproduce the

layered structure of the intestinal interface. Collagen bioink (CB) and
GelMA bioink (GB) were prepared in a 1:10 (v/v) ratio by mixing
100 μL of culture medium containing 106 cells with 1 mL of the
respective ink. Bioinks were transferred to the bioprinting syringe
barrels equipped with highly adjusted pistons and 0.41 mm ID conical
tips and placed in the corresponding printheads. All the constructs
were printed by following the predesigned geometry inside a 24-
multiwell. Following extensive optimization, a nozzle diameter of 0.41
mm, a flow speed of 3 mm/s, a perimeter speed of 10 mm/s, and an
infill speed of 10 mm/s were selected for printing both bioinks. The
printing temperature was maintained at 20 °C to prevent nozzle
clogging caused by the thermo−responsive nature of GelMA and
Collagen. Two syringe printheads were employed for the intestinal
model fabrication, and the bioprinting steps are illustrated in Scheme
1. One syringe was filled with either CB or GB containing HSF cells
to obtain a submucosal layer with circular shapes (0.5 mm in
thickness and 10 mm in width). The second syringe was filled with
either CI or GI to print the lamina propria layer (0.4 mm in thickness
and 10 mm in width) above the previous layer. Specifically, the CI was
printed above the CB layer, and the GI was printed above the GB
layer. After the printing process, collagen in the CB was photo-
crosslinked with UV light irradiation (365 nm) with 12 mW/cm2

intensity for 2 min at a 3 cm distance between the sample and the
irradiating lamp. Similarly, the photo-crosslinking process of GelMA
in GB was carried out through UV light irradiation (365 nm) with
0.96 mW/cm2 intensity for 3 min at a 3 cm distance between the
sample and the irradiating lamp. Different light intensities were
applied to the materials due to the differing photo-crosslinking
mechanisms: collagen photo-crosslinks without a photoinitiator,
driven by a transition in its triple helix structure, whereas GelMA
requires a photoinitiator to form lateral covalent bonds, thus needing
less energy. The bioprinter Bio V1 (REGEMAT 3D S.L., Granada,
Spain) equipped with an extrusion-based piston-driven system was
used under a laminar flow hood. The 3D constructs were designed by
using a CAD design model integrated with the custom-made
bioprinter’s software. The CAD models were exported as Standard
Triangle Language (STL) files to generate the G-Coded files. Finally,
to create the outermost epithelial monolayer, HTC-8 cells were
manually seeded onto the surface of the printed scaffolds.
2.6. Cell Response. Materials. Hoechst 33342, phosphate-

buffered saline (PBS), Propidium Iodide (PI), Calcein-AM,
paraformaldehyde (PFA), and Triton X-100 were purchased from
Merk KGaA (Darmstadt, Germany). AlamarBlue reagent was
provided by Thermo Fisher Scientific Co LLC (Waltham,
Massachusetts, USA). Primary antibodies rat anti- ZO-1 conjugated
with AlexaFluor 488 and mouse anti-E-cadherin were purchased from
Santa Cruz Biotechnology (Dallas, Texas, USA). Goat antimouse
secondary antibody (AlexaFluor 594) was acquired from Jackson
ImmunoResearch Inc. (Ely, United Kingdom).

Cell Proliferation. The alamarBlue assay was carried out to
estimate the cell proliferation after the 3D bioprinting process up to
21 days, following manufacturer’s instructions. Given that alamarBlue
measures the whole cell metabolic activity in the coculture with no
discrimination between cell types, 3D bioprinted constructs
containing either single cultures of HSFs or HCT-8 were used for
this assay. Briefly, three biological replicates per group were incubated
with 10% v/v alamarBlue solution in cell culture medium for 4 h at 37
°C in a cell culture incubator, protected from direct light and
following manufacturer’s instructions. Then, fluorescence intensity
was measured in three technical replicates per sample at an excitation
wavelength of 530 nm and emission of 590 nm (Microplate Reader
MB-580/30, Heales). The intensity of the fluorescent signal was
expressed in relative fluorescence units (RFU). For each measure-
ment, the corresponding tissue-engineered construct without cells
(i.e., CI and GI) was measured under identical conditions to
determine the baseline fluorescent signal. The blank value was then
subtracted from the cellularized construct values to obtain the
fluorescent signal originating from the cellular activity. RFU values
were normalized as a fold increase to day 1.

Cell Viability. Live/dead assay was performed to evaluate cell
viability through confocal imaging for up to 21 days. At prefixed time
points (7, 14, 21 days), 3D cell cultures were washed three times with
1 mL of PBS (1X) before staining with 0.5 mL of live/dead solution
(0.33 μM Calcein-AM and 2 μM PI), containing Hoechst 33342 at a
concentration of 4 μg/mL, at 37 °C with 5% of CO2 for 30 min.
Then, the staining solution was removed, and the 3D cell cultures
were rinsed three times with 1 mL of PBS (1X) and observed with
LSM 710 confocal microscope (Zeiss, Jena, Germany) employing
three laser lines (405, 488, and 543 nm) and three detection PMTs
(408−498 nm, 493−542 nm, and 554−738 nm) for the blue, green,
and red false color channels, employed to measure the fluorescence
intensity of 33342 Hoechst, Calcein-AM and PI, respectively. Cell-
free scaffolds were used as controls. Fresh samples were used at each
time point to prevent potential cytotoxic cumulative effects of the
reagents employed.

Immunofluorescence. Immunofluorescence analyses were carried
out on collagen and GelMA-based 3D cell cultures displaying HCT-8
epithelial monolayers for up to 21 days to confirm the integrity of the
epithelial layer. The presence of tight and adherent junctions was
confirmed using specific antibodies to detect Zonula occludens-1
(ZO-1), one of the scaffolding proteins that link tight junction
transmembrane proteins such as claudins, junctional adhesion
molecules, and occluding to the actin cytoskeleton of all tight
junctions, and E-cadherin (E-cad), the core component of epithelial
adherent junctions. Immunostaining was performed as described
previously.33 Briefly, samples were rinsed with prewarmed PBS, fixed
in 4% PFA dissolved in PBS (pH 7.4) for 30 min, washed with PBS,
and blocked with blocking solution for 45 min. Subsequently, samples
were incubated with primary antibodies against ZO-1 (1:50 dilution)
and E-cad (1:100 dilution) in an incubation buffer overnight at 4 °C.
Then, samples were incubated with AlexaFluor 594 secondary
antibody (1:150 dilution) for 1 h at room temperature to enable its
reaction with E-cad primary antibody. Finally, to visualize cell nuclei, a
staining with the Hoechst 33342 solution (1:1500 dilution) was
performed.

3. RESULTS AND DISCUSSION
Owing to their favorable biological and mechanical properties,
collagen and GelMA are deeply studied as biomaterials in EBB.
In this work, a parallel study of their printability and biological
properties was conducted to develop a preliminary intestinal
barrier model that can faithfully reproduce the submucosa, the
lamina propria, and the epithelial layer structures (Scheme 1),
providing an improved point of view focused on accurately
replicating the in vivo physiognomy.
3.1. Rheological Characterization. First, a comprehen-

sive rheological screening was developed and conducted to
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evaluate the mechanical properties of the materials throughout
the printing process. To evaluate collagen’s shear-thinning
behavior, which is linked to its printability, a rotational
measurement was performed, and the results are presented in
Figure 1(A,B), which shows the viscosity (η) and shear stress
(τ) as a function of shear. The typical shear-thinning behavior
of a printable material was observed since the viscosity
decreased by increasing the applied shear rate, from 560 Pa·s at
0.1 s−1 to 0.14 Pa·s at 1000 s−1. The Ostwald-De Waele
regression (eq 1), which quantitatively identifies the shear-
thinning behavior of gels, was applied for the medium shear
rate range to the obtained viscosity curve (red curve in Figure
1(A)). The shear-thinning parameter (p) and the consistency
index (C) were derived, resulting in values of 0.11 and 80.62
Pa·s, respectively. They proved the shear-thinning character-
istic of un-cross-linked collagen ink (u-CI); indeed, a p-value
lower than 1 is typical of shear-thinning materials and the p-
value decreases as this characteristic becomes more pro-
nounced. Regarding the C parameter, the higher the C, the
slower the flow and deformation of the material, preventing the
printed structure from collapsing. Therefore, this parameter
gives insights into construct’s shape preservation. The obtained
C value for u-CI is an indication of good shape preservation
and durability of the obtained construct. The shear stress vs
shear rate graph reported in Figure 1(B) provides an indication
of the value of the shear stress corresponding to the specific
shear rate (or printing rate of the bioprinting process) that will
be experienced by the cells once embedded in the hydrogel.
According to eq 2, if the bioprinting process is carried out with
a flow rate of 3 mm/s and a nozzle with a diameter of 0.41 mm
and a height of 1 mm, then the resulting shear rate is equal to
300 s−1. The shear stress corresponding to this shear rate is
150 Pa, which is considered safe for the cells when embedded
in the hydrogel.34,35

The simulation of the entire printing process was conducted
using the 3ITT test, which enables the prediction of how the
hydrogel behaves before, during, and after extrusion. A low
shear rate (0.01 s−1) was selected to simulate the steady static
condition both inside the syringe (before extrusion), and after
the extrusion process (filament deposited onto the bioprinter
bed), while a high shear rate (300 s−1) was used to ideally
simulate the extrusion process. This value was calculated using
eq 2. As reported in Figure 1(C), collagen was characterized by
a viscosity of 442 and 375 Pa·s before and after printing,
respectively, while during the extrusion, it displayed almost
zero viscosity. This behavior demonstrated that collagen
hydrogel formulation could be easily extruded at 20 °C, and
it almost recovered its initial mechanical properties (85% of
recovery after extrusion), being suitable for EBB bioprinting.

A gelation measurement was performed to assess how the
rheological properties of u-CI vary with temperature.
Specifically, u-CI was exposed to a temperature ramp from 4
to 40 °C, and a slight decrease of the rheological moduli was
observed with increasing temperature (Figure 1(D)). The
material exhibited gel-like behavior at 20 °C with a G′ value of
605 Pa, and G″ value of 93 Pa, so 20 °C was selected as
optimal printing temperature, although we believe that this
formulation can be printed in a wide range of temperatures
since the material was able to maintain its gel-like property also
at higher temperatures. The viscoelastic behavior of the
collagen suspension was evaluated through an amplitude sweep
test. As shown in Figure 1(E), u-CI showed a gel-like network
since G′ was higher (425 Pa) than G″ (70 Pa). Furthermore,
the LVE range was maintained up to 6% of strain, and the
crossover point occurred at 50%, after which the material
started to behave as a liquid. The cross-linking process was
carried out on collagen to enhance its stability, by exploiting its
inherent ability to self-respond to UV light30 and further
rheological analyses were conducted on cross-linked collagen

Figure 1. Rheological characterization of collagen hydrogel formulation. (A) Viscosity curve of u-CI fitted with the Ostwald-De Waele model (red
line); (B) flow curve of u-CI; (C) three-interval thixotropic test (3ITT) of u-CI; (D) gelation measure of c-CI; (E) amplitude sweep test of u-CI
(red curves) and c-CI (green curves).
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(c-CI). Photo cross-linking was accomplished using UV light.
As shown in Figure 1(D), a slight rise in the G′ (585 Pa) and
G″ (85 Pa) moduli was observed after cross-linking, along with
a more pronounced peak of the G″ curve, which is indicative of
a cross-linked structure. The crossover point was maintained at
50% strain and the LVE ranged from 0.1% to 7%. These
findings validate that the application of UV light leads to
further cross-linking of collagen chains.

The rheological characterization of the GI formulation was
performed to assess printability, mechanical properties, and
dimensional stability over time, following the same method-
ology employed for the CI formulation. The results of viscosity
measurements (Figure 2(A)) as a function of shear rate
indicated the typical shear-thinning behavior of printable
hydrogels, as viscosity decreased from 825 Pa·s at 0.1 s−1 to 0.5
Pa·s at 1000 s−1. The Ostwald-De Waele regression yielded a p
value of 0.06 for u-GI, further confirming its shear-thinning
characteristic. Additionally, the C value was determined to be
286.6 Pa·s, a value higher than that found for u-CI. This
suggests a greater tendency for shape preservation in GI
constructs compared to CI. Moreover, Figure 2(B) provides
information on the shear stress that cells will experience upon
embedding in the hydrogel as a result of the specific shear rate
applied during the bioprinting process. Based on the same
calculations of those reported above for u-CI, a shear stress
value of 430 Pa was determined for u-GI, which is higher
compared to u-CI. Therefore, u-CI bioink is safer for cells’
extrusion compared to u-GI one, although it is important to
consider that different cell types can be differently influenced
by the application of a certain shear stress during extrusion.
When dealing with particularly sensitive cells, it is recom-
mended to use a bioink that is characterized by shear stress
values in the same range of those obtained for u-CI
formulation.

The results of the 3ITT rheological test, shown in Figure
2(C), revealed that prior to bioprinting, the viscosity exhibited
time-dependent behavior at a constant shear rate (0.1 s−1),
decreasing from 3570 to 2110 Pa·s. After extrusion, this trend
persisted, albeit less prominently, with initial and final
viscosities of 945 Pa·s and 783 Pa·s, respectively, resulting in
a 45% recovery. This suggested that u-GI may not fully regain
its mechanical properties post-extrusion due to partial
disruption of physical entanglements established at 20 °C.

The behavior of u-GI with temperature, reported in Figure
2(D), demonstrated a decrease in the G′ value from 2090 Pa at
4 °C to 40 Pa at 40 °C, with a crossover occurring between the
moduli around 37 °C where the material started acting as a
liquid. From this measure, 20 °C was selected as the optimal
printing temperature, and the need to cross-link the hydrogel
after the printing was highlighted since the final application
involves incubation at 37 °C, and without cross-linking, the
material would lose its structural integrity. As illustrated in
Figure 2(E), u-GI exhibited gel-like behavior with a G′ value of
100 Pa and a G″ value of 20 Pa, and a crossover point
occurring at 286% strain. Following the photo cross-linking
process, c-GI displayed an increase in both G′ (380 Pa) and
G″ (27 Pa), accompanied by a more pronounced peak in G″.
This suggested a highly interconnected network due to the
presence of (i) physical cross-links at 20 °C and (ii) covalent
cross-links formed between acrylate moieties after UV
treatment. Furthermore, the shift of the crossover point to a
lower strain value (320%) for c-GI indicates a slightly higher
rigidity of the material after photo cross-linking.
3.2. Printability Study. Printing tests were conducted to

assess the uniformity ratio and printability (Pr) of the material.
The initial qualitative observation regarding hydrogel print-
ability was the preservation of the filament structure after
extrusion (Figure 3(A)). Subsequently, quantitative parameters
were obtained by printing a round-grid of both hydrogels with

Figure 2. Rheological characterization of GelMA hydrogel formulation. (A) Viscosity curve of u-GI fitted with the Ostwald-De Waele model (red
line); (B) flow curve of u-GI; (C) Three-interval thixotropic test (3ITT) of u-GI; (D) gelation measure of c-GI; (E) amplitude sweep test of u-GI
(red curves) and c-GI (green curves).
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a 2 cm diameter, as illustrated in Figure 3(B). The uniformity
ratio for c-CI and c-GI was calculated by comparing the
expected filament length with its actual length, accounting for
its roughness. The resulting uniformity ratio for c-CI (pink
grid) was 0.96 ± 0.02, indicating a satisfactory level of
uniformity of the printed filament, while the uniformity ratio
for c-GI (yellowish grid) was 0.94 ± 0.05, highlighting the
higher roughness of c-GI filament compared to collagen. This
aspect is valuable in the development of an intestinal barrier
model, particularly for replicating the villi-like structure
through EBB technology. Indeed, the inherent roughness of
the resulting filament can effectively mimic the villi layer,
overcoming the resolution limitations of the traditional EBB
method. The Pr values, calculated according to eq 4, were
found to be 0.91 ± 0.02 for c-CI and 1.01 ± 0.05 for c-GI. In
general, a Pr value of 1 indicates a perfect square, reflecting
high shape fidelity of the printed construct and maintenance of
the extruded filament shape.36 In this case, not a perfect square
was obtained for c-CI, resulting in a discrete shape fidelity,
while for c-GI a Pr value closer to 1 was calculated, indicating
higher shape fidelity compared to the collagen grid. All

dimensional measurements were conducted in triplicate by
using IC measure software.

L APr /162= (4)

Lastly, another qualitative printability test was performed by
printing a flower pattern using both hydrogels and comparing
it with the CAD model (Figure S1(A,B)). The results
demonstrated high fidelity of the printed pattern to the CAD
model in terms of dimensions and shape, with the c-GI (Figure
S1(B)) filament showing higher roughness compared to c-CI
(Figure S1(A)). This test was conducted to demonstrate the
feasibility of printing more complex shapes with the formulated
inks.

The 3D printing parameters for both materials were
optimized ad hoc to preserve the imprinted shape as much
as possible. As a result, the printed materials exhibited distinct
mechanical properties. Based on this observation, this study
conducted an assessment of collagen and GelMA bioinks for
developing an in vitro intestinal model.
3.3. Dimensional and Mechanical Stability Study

under Incubating Conditions. The dimensional and
mechanical stability of printed c-CI and c-GI constructs was
assessed under static conditions in PBS (pH 7.4) at 37 °C to
simulate the conditions used for biological assays on c-CB and
c-GB. The c-CI and c-GI hydrogel constructs were printed
inside a 24-multiwell plate and characterized on days 1, 7, 14,
and 21, through amplitude sweep measurements and diameter
assessments. In Figure 4(A), the amplitude sweep curves show
that c-CI constructs maintained their gel-like characteristics for
21 days. However, a gradual decline in the moduli was
observed on days 7, 14, and 21, indicating a reduction in
mechanical properties over time (as summarized in Table 1).
Similarly, c-GI constructs preserved their gel-like behavior up

Figure 3. (A) Extruded filament of u-GI stained with fluorescein; (B)
printed c-CI (pink) and c-GI (light yellow) grids for the printability
and uniformity ratio calculation.

Figure 4. Amplitude sweep analysis of (A) c-CI constructs and (B) c-GI constructs after 0, 1, 14, and 21 days under static incubating conditions.
(C) c-CI (blue) and c-GI (red) constructs’ diameter (%) over time under static incubating conditions. (D) Uniformity ratio of c-CI (blue) and c-
GI (red) constructs vs time under static incubating conditions.
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to 21 days, as shown in Figure 4(B). Notably, after 1 day, c-GI
constructs exhibited higher G′ and G″ moduli, with a crossover
occurring at lower shear strain values (from 480% to 47%).
This suggests thermal cross-linking, consistent with previous
temperature sweep results. Subsequently, construct features
remained quite constant over time, with an increase in the
Tanδ value observed on day 14 (Table 1), indicating a rise in
the viscous component of the material over the solid one.
Figure 4(C) illustrates the diameter stability of both
constructs: the c-GI construct diameter (red line) showed a
7% reduction in its original size over time, indicating good
shape retention under static conditions, while the c-CI
construct diameter (blue line) remained relatively constant
up to day 14, followed by a sharp 26% decrease at day 21
compared to its initial value probably due to the construct
partial degradation. The uniformity ratio values for the
constructs on days 1, 7, 14, and 21 were determined by
considering the construct diameter and are reported in Figure
4(D): a linear increase in the uniformity ratio of c-GI was
observed, associated with the gradual decrease in the diameter
over time. The uniformity ratio of c-CI also exhibited a linear
increase up to day 14, followed by a sharp rise on day 21. All
dimensional measures were performed in triplicate, and SD is
reported in the graphs (Figure 4(C,D)).
3.4. Cell Culture and the 3D Bioprinting Process.

Before the fabrication of the simplified 3D bioprinted intestinal
model, replicating the three fundamental layers of the intestinal
barrier, the compatibility ofRPMI 1640 culture medium with
both HSFs and HTC-8 cells was assessed. This evaluation
aimed to determine the best conditions for coculturing these
two cell types, which typically require different culture media.
The results are reported in the SI (Figure S2). Each cell type
has specific needs according to its function and requires a
corresponding specific medium composition. When two or
more different cell types are cultured together, choosing the
right medium becomes a challenge.37 HTCs-8 perfectly grow
in RPMI 1640-based medium supplemented with HS, while
fibroblasts mainly grow in DMEM-based medium supple-
mented with FBS. For this reason, several cell culture media
mixtures were produced to evaluate the right components of
the final formulation, and from the cell proliferation assay, it
was evident that HTC-8 can grow only in an RPMI-based
medium in the presence of HS. On the contrary, HSFs were
found to be able to better support the change of the primary
component, from DMEM to RPMI 1640, and the presence of
HS in addition to FBS. Indeed, as reported in Figure S2(A),
HSFs grew better in the original DMEM-based media even
when HS were added to the medium, displaying an increased
proliferation rate from 1 RFU at day 1 to 13 RFU at day 21,
while when the medium formulation was changed with RPMI
1640 and supplemented with both 5% of HS and 5% of FBS,
cell proliferation slightly decreases from 1 RFU at day 1 to 7
RFU at day 21. RPMI 1640 in the copresence of 5% of FBS
and 5% of HS was the final optimal formulation to grow both

HSFs and HTC-8 cells, which show greater cell proliferation
rate with respect to HSFs thanks to the presence of the RPMI
(Figure S2(B)). Indeed, the cell proliferation rate of HTC-8
increased from 8 on day 1 to 22 RFU on day 21.

Then, cell proliferation of both HSFs (after bioprinting and
UV cross-linking to form the submucosa layer) and HCT-8
cells (seeded on the 3D construct upper surface to form the
epithelial layer) in a 3D hydrogel construct was quantitatively
evaluated through alamarBlue assay (Figure 5), in order to

assess materials’ compliance with the 3D bioprinting process,
in terms of biocompatibility and processing conditions. The
proliferation rates of HSFs inside the c-GB and c-CB
constructs were found to be similar. Cell growth was higher
in the c-CB matrix up to 14 days, but it almost equalized that
in c-GB after 21 days. A similar trend was observed for HTC-8
proliferation when seeded onto c-GI and c-CI constructs, with
a higher cell growth of collagen matrices. Also, in this case,
RFU differences were reduced after 21 days of culture but still
in favor of collagen.

The impact of the 3D bioprinting process on HSF survival,
as well as the ability of the tested biomaterials (CI and GI) to
support cell attachment, spreading, and proliferation over time,
were determined in vitro through Live/Dead assay up to 21
days. The low degree of cell death after 24 h post printing
suggested the compliance of the 3D printing process with cell
viability (Figure S3). As regards the ability of proposed
materials to support cells processes during time, confocal
fluorescence images of HSFs after Live/Dead staining inside
the c-CB and c-GB bioprinted constructs at different time
points (Figure 6) showed their potential. Homogeneous
distribution of live cells (stained with calcein, green color)
was observed in both experimental groups (c-CB, Figure 6(A)
and c-GB, Figure 6(B)) at day 7 while staining with propidium
iodide (dead cells, red color) was minimal, thus indicating that
the 3D bioprinting process had a negligible impact on cell
survival. Moreover, a clear change in HSF morphology was
visible from day 7 to day 21 of incubation, which evolved from
round shapes to their typical elongated spindle shapes,
especially in c-GB matrices. This can be attributed to the
different mechanical properties of scaffolds. c-GI constructs
were found to display the lowest stiffness (380 Pa) while c-CI

Table 1. Results of Amplitude Sweep Tests: G′ and G″ Values of c-CI and c-GI Constructs after 0, 1, 7, 14, and 21 Days under
Static Incubating Conditions at 37 °C

c-CI c-GI

Day 0 Day 1 Day 7 Day 14 Day 21 Day 0 Day 1 Day 7 Day 14 Day 21

G′ (Pa) 572 546 306 166 18 G′ (Pa) 96 354 28 45 28
G′′ (Pa) 87.4 59.3 66.1 25.6 5.8 G′′ (Pa) 3.1 10.0 0.8 4.2 2.3
Tan δ 0.15 0.11 0.22 0.15 0.31 Tan δ 0.03 0.03 0.03 0.09 0.09

Figure 5. Cell proliferation (A) of HSFs embedded in c-CB and c-GB
bioprinted constructs up to 21 days of culture and (B) of HTC-8
growth onto the upper surface of c-CI and c-GI bioprinted constructs
up to 21 days of culture.
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were characterized by a higher value of about 585 Pa. For this
reason, HSFs inside c-CB matrices displayed a round-like
shape with a minor extent of peripheral filaments (Figure
6(A)). On the contrary, HSFs recognized weaker external
forces in c-GB constructs; thus, they retained the ability to
form elongations and spiral orientation through the matrix as
in 2D condition (Figure 6(B)), where cells appeared flatter
with pronounced filaments. Moreover, HSFs in c-CB
constructs did not assume spiral orientation, as observed in
c-GB. This change in morphology and spatial organization
might be due, even in this case, to the different external forces
experienced by the cells and provided by the different stiffness
of the matrix.

Figure 7 reports confocal fluorescence images after Live/
Dead staining of HCTs-8 seeded on c-CI and c-GI 3D
bioprinted constructs for up to 21 days of incubation. HTC-8
attached, divided, and formed cell colonies on both materials.
However, morphological differences were visible. Cell colonies

formed faster on c-GI (after 7 days) rather than on c-CI (after
14 days), because of matrices stiffness. Indeed, HTC-8 tends to
form colonies in a stiffness-dependent way. As reported in the
literature, this behavior could be ascribed to matrices’ stiffness
as well as to the structural conformation of their proteins. It
has been documented that HTC-8 tends to form colonies in a
stiffness-dependent way.38,39 As reported in the work of Tang
et al., HTC-8 form cell colonies in 2−4 days on hydrogels with
stiffness values of about 21−47 kPa while they retained their
round-like shape on matrices with stiffness values of about
0.5−5.0 kPa and occasionally for small colonies.38 Indeed, a
good level of wetting of HCT-8 was observed on c-GI (0.38
kPa), while poor wetting of HTC-8 was observed on c-CI
(0.585 kPa), with a morphological transition from epithelial-
like to rounded. However, an augmented wetting was
registered during time, with the formation of monolayers and
then of colonies in 21 days, suggesting that not only stiffness

Figure 6. Representative confocal fluorescence images of (A) HSFs embedded in c-CB and (B) c-GB 3D printed constructs after live/dead staining
for up to 21 days. Magnification 10×. Scale bar = 50 μm.

Figure 7. Confocal images of (A) HCT-8 seeded onto c-CI and (B) c-GI 3D bioprinted constructs after live/dead staining up to 21 days.
Magnification 10×. Scale bar = 50 μm.

Figure 8. Representative confocal fluorescence images of HCT-8 E-cadherin protein expression after immunostaining with primary and secondary
antibodies at days 14 and 21 of culture. Left side shows HCT- 8 protein expression when seeded onto c-CI constructs, while the right side of the
image shows HCT-8 protein expression when seeded onto c-GI constructs. Magnification 40×. Scale bar = 10 μm.
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influences cell response but also protein structural organization
since collagen can induce cell adhesion and aggregation.39

Lastly, the layered structure was fabricated according to
Scheme 1 and the integrity of the HCTs-8 monolayer was
assessed through the detection of ZO-1 and E-cad protein
expression via immunostaining. E-cadherins are a type of cell
adhesion molecule that play a key role in the formation of cell-
to-cell adherent junctions. Tight junctions are multiprotein
junctional complexes whose function is to prevent the leakage
of solutes and water and seal the paracellular pathway. Both
proteins are typical of the epithelial monolayer, and their
presence is fundamental for the replication of a physiologically
like intestinal barrier tissue since they strictly influence
substance regulation and are responsible for active/passive
ion transport.40 Confocal fluorescence images reported the E-
cadherin expression in red in Figure 8 and the tight junction
(ZO-1) in green in Figure 9 of HCTs-8 seeded onto c-GI and
c-CI layers at days 14 and 21 of incubation. As is clear from the
images, both E-cadherin and tight junctions are produced from
the epithelial layer, and they are localized on cells’
intermembrane space. Indeed, it is stated that in physiological
conditions, E-cadherins behave as both receptors and ligands
for other molecules and, thus are present in the plasma
membrane space generated between two or more cells, while
tight junctions, which consist of the three major trans-
membrane proteins such as occludin, claudins, and junction
adhesion molecule (JAM) proteins. They are associated with
different peripheral membrane proteins such as ZO-1 located
on the intracellular side of the plasma membrane, which
anchor the strands to the actin component of the cytoskeleton.
Furthermore, E-cadherins displayed a strong correlation with
cancer since the loss of the cell adhesion molecules is involved
in the formation of epithelial types of cancers such as
carcinomas. The changes in any type of cadherin expression
may not only control tumor cell adhesion but also may affect
signal transduction leading to the cancer cells growing
uncontrollably. For this reason, the expression of these
proteins is fundamental when 3D intestinal barrier models
are developed for the in-depth investigation of any type of
disease.

4. CONCLUSION
This study evaluates the printability and biological properties
of collagen and GelMA hydrogels for developing a simplified
intestinal tissue model. The goal of this work is to establish a
straightforward protocol for optimizing hydrogel printability in
EBB, using affordable and readily available materials.
Rheological analysis confirms the shear-thinning behavior of

both materials, with u-GI exhibiting higher printability due to
its lower flow-index. To replicate all the steps of printing in
terms of changes and recovery of the materials’ mechanical
properties at different applied shear rates, the 3ITT test was
conducted. It is noteworthy that the printability indexes
derived from the fitting of flow curves are consistent with the
results obtained from the 3ITT analysis and with the
parameters calculated through the dimensional evaluation of
printed filaments and constructs. u-GI demonstrates higher
printability compared to u-CI, as evidenced by the lower flow
index value of the former, indicating a more pronounced shear-
thinning characteristic, although both materials exhibit good
flow index values. This finding is confirmed by the printability
factor, which is closer to 1 for c-GI compared to c-CI. While u-
CI shows better recovery of mechanical properties postprinting
(85% vs 45% for u-GI), c-GI constructs better maintain
structural integrity during incubation. Additionally, c-GI’s
higher filament roughness could be beneficial for mimicking
intestinal tissue. Finally, cell viability, cell proliferation, and
immunostaining assays allowed the assessment of the bio-
logical properties of the employed materials and to achieve a
first validation of the developed intestinal model. Both
hydrogels supported cell proliferation and viability, with slight
differences observed in cell growth rates over time. Collagen
matrices resulted in higher cell proliferation initially, but
differences diminished over 21 days. Results demonstrated that
both the biomaterials and the 3D bioprinting method
employed herein enabled the fabrication of trilayer intestinal
models composed of fibroblasts and intestinal epithelial cells in
the submucosa and the epithelial layers, respectively, ensuring
high cell survival and promoting the proliferation and the
expression of proteins supporting the formation of the
intestinal barrier. This model bridges the gap between
simplistic 2D cultures and clinical applications, aligning with
the 3Rs principle to reduce animal testing. Beyond the proof-
of-concept, this platform holds promise for studying barrier
function, permeability, metabolism, and drug testing. Future
improvements could enhance the mechanical stability,
optimize cell−material interactions, and integrate immune
cells or microbiota to enhance physiological relevance. Overall,
collagen- and GelMA-based bioprinted hydrogels offer a
promising approach for intestinal tissue engineering and
therapeutic research.
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Figure 9. Representative confocal fluorescence images of HCT-8 ZO-1 protein expression after immunostaining with primary and secondary
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