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Electrospun Fiber-Based Tubular Structures as 3D Scaffolds
to Generate In Vitro Models for Small Intestine

Lorenzo Zavagna, Eligio F. Canelli, Bahareh Azimi, Fabiola Troisi, Lorenzo Scarpelli,
Teresa Macchi, Giuseppe Gallone, Massimiliano Labardi, Roberto Giovannoni,
Mario Milazzo, and Serena Danti*

Recently, in vitro models emerge as valuable tools in biomedical research by
enabling the investigation of complex physiological processes in a controlled
environment, replicating some traits of interest of the biological tissues. This
study focuses on the development of tubular polymeric scaffolds, made of
electrospun fibers, aimed to generate three-dimensional (3D) in vitro
intestinal models resembling the lumen of the gut. Polycaprolactone (PCL)
and polyacrylonitrile (PAN) are used to produce tightly arranged ultrafine fiber
meshes via electrospinning in the form of continuous tubular structures,
mimicking the basement membrane on which the epithelial barrier is formed.
Morphological, physical, mechanical, and piezoelectric properties of the PCL
and PAN tubular scaffolds are investigated. They are cultured with Caco-2
cells using different biological coatings (i.e., collagen, gelatin, and fibrin) and
their capability of promoting a compact epithelial layer is assessed. PCL and
PAN scaffolds show 42% and 50% porosity, respectively, with pore diameters
and size suitable to impede cell penetration, thus promoting an intestinal
epithelial barrier formation. Even if both polymeric structures allow Caco-2 cell
adhesion, PAN fiber meshes best suit many requirements needed by this
model, including highest mechanical strength upon expansion, porosity and
piezoelectric properties, along with the lowest pore size.
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1. Introduction

The intestine stands as a vital compo-
nent dedicated to the orchestration of
nutrient intake, digestion and absorption
from ingested sustenance, alongside the
essential task of waste elimination, en-
compassing substances unmetabolized by
the body. Serving as the key juncture be-
tween the internal milieu of the body and
the external environment, it assumes a
paramount role in safeguarding against
the intrusion of detrimental substances
and pathogens.[1] Moreover, the gut houses
our microbiota; it strongly contributes
to our immunity and exerts a bidirec-
tional action towards the nervous system.[2]

Intestinal models serve as invaluable
tools across diverse research domains by
facilitating the exploration of substance
bioavailability and bioactivity, as well as
the study of intestinal pathology, such
as the inflammatory bowel disease.[3]

These models afford insights into the
intricate processes of digestion, absorption
and utilization of nutritional elements
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within the body. Overall, they aim to shed light on gastrointesti-
nal tract dynamics, the impact of ingested substances and dis-
ease conditions. Exploring factors influencing nutrient, drug and
bioactive compound availability and functionality, these mod-
els can additionally elucidate interactions with intestinal cells
and target tissues. Therefore, having intestine models available
is pivotal in advancing our understanding of digestion, absorp-
tion and the development of effective therapeutic and nutri-
tional strategies.[4,5] Over time, a plethora of intestinal models has
emerged, each of them boasting unique complexities and charac-
teristics, which offer distinct advantages and enable focused ex-
ploration of specific mechanisms.[6]

Animal models are widely employed to assess the absorption
of drugs and food components; however, they come with inher-
ent limitations. One significant challenge is the lack of a standard
for comparing results due to individual variations and the com-
plex networks and ecosystems within each animal. While these
networks contribute to valuable preclinical trial outcomes, it is
difficult to isolate each physiological process amidst the immense
complexity and numerous variables of the system.[7] The ongoing
issues of cost, time and ethical concerns associated with animal
experiments further compound these challenges.[8]

To overcome these limitations, a surge in demand for spe-
cific in vitro models is taking place.[7] Cell-based models have
emerged as promising alternatives to animal models by offering
advantages such as direct observation, continuous analysis
and target-specific experimentation.[6] In contrast to in vivo
experiments, in vitro experiments can be meticulously designed
to minimize deviations in the results by concentrating solely
on specific elements of interest. Bidimensional (2D) cell-based
models involve the cultivation of single or multiple cells on
a flat surface. In the context of creating an intestinal model,
specific cell lines are utilized to form an apical epithelial layer,
with additional cell lines potentially incorporated for specialized
functions. This model is characterized by its simplicity, cost-
effectiveness and widespread application in screening assays,
aimed at determining the bioavailability of orally administered
drugs or assessing the absorption of substances found in food
or nutraceuticals.[9] The Caco-2 cell line stands out as the most
frequently utilized cell line in such models; although, alternative
cells may be employed to enhance the model physiological
resemblance to reality.[10] However, there are limitations asso-
ciated with using 2D models of Caco-2 cells. For instance, 2D
cultures inadequately replicate the physiological relevance of
three-dimensional (3D) structures and interactions present in
native tissues, leading to disparities in cellular behavior and
function compared to in vivo observations. Therefore, it has be-
come imperative to complement them with other models, such
as 3D cell cultures or animal models.[11] In recent years, 3D cell
culture in vitro models have gained significant popularity due
to their ability to facilitate cell shape alterations and intercellular
connections over time. These models have been crafted utilizing
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diverse techniques, including spontaneous aggregation, culture
onto 3D scaffolds, or in a transwell setup, to offer a reproducible
scenario for scientific and industrial investigations. Neverthe-
less, sustaining the vitality and bioactivity of cells over extended
periods remains a critical challenge for these models.[12] To this
purpose, the addition of bioactive molecules, such as extracellu-
lar matrix (ECM) proteins, to in vitro cellular models of Caco-2
cells has revealed still variegated outcomes, in terms of cell
differentiation and transportation efficacy across the epithelial
barrier.[13,14]

Significant advancements in this field of research have
emerged through 3D fluid-dynamic in vitro models, which aim
at offering a solution to the constraints of static cultures. These
models can accurately replicate the intricate physiology of the
human intestine by introducing essential physical stimuli, such
as peristaltic loading; thus, recreating a dynamic microenvi-
ronment akin to the body. The incorporation of fluid flows and
mechanical stimuli in these models has notably influenced gene
expression profiles.[15] Notably, immortalized cell lines such as
Caco-2 cells, known for their limitations in static conditions, can
develop a compact intestinal epithelial layer featuring 3D villi-
like structures and basal crypts when subjected to stimulation
in a fluid-dynamic environment.[16] Unlike intestine-on-chip
models for a macro-scale 3D model, cells need to be cultured
onto 3D scaffolds to obtain the desired shape and function of the
tissue.

There is a portfolio of biomaterials and processing techniques
which can be useful for this purpose.[17] Electrospinning, a
manufacturing technique with roots dating back to the late 19th

century but gaining prominence in 1994, has emerged as a
versatile method for producing fibrous structures with diverse
applications.[18] Its strength lies in the ability to create scaffolds
closely mimicking the ECM of tissues through the generation
of sub-micrometric fibers.[19] This method offers numerous
advantages, including generating scaffolds with a high surface
area-to-volume ratio, a tunable porosity and the capacity to tailor
nanofiber composition for desired properties and functions.[18]

An essential advantage of electrospun scaffolds is an enhanced
cell adhesion, crucial for various biomedical and tissue engineer-
ing applications. Indeed, the high surface area and unique topog-
raphy of electrospun fibers promote cell attachment and prolifer-
ation. Moreover, precise control over electrospinning parameters
can yield fibrous structures with specific fiber and mesh features,
further influencing cell behavior and tissue organization.[20] Over
time, a wide array of polymers has been processed via electro-
spinning, thus facilitating exploration across diverse fields, such
as regenerative medicine, drug delivery, filtration and sensors.
Each polymer offers specific properties by enhancing the versatil-
ity and potential of electrospinning as a fabrication technique.[18]

Recently, electrospun polymeric scaffolds have been investigated
to create epithelial intestine models for pathologic gut, such
as colorectal adenocarcinoma.[21] Among polylactic acid and
polycaprolactone (PCL) fibrous meshes, PCL scaffolds produced
by electrospinning a chloroform solution with a random-like
disposition, disclosed potential to suit the mechanical prop-
erties of human large intestine and support growth of Caco-2
cells. However, scaffolds made of PCL fibers collected using a
drum rotating at at 500 revolutions per minute (rpm) showed
large diameters and pore size in the 26–30 μm range, which
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allowed cell infiltration within the scaffold. As such, this scaffold
cannot be suitable to generate a model of intestinal epithelial
barrier.

In view of providing a 3D in vitro model able to resemble the
intestine epithelial barrier, which would be relevant for a real-
scale dynamic system, this study aims at developing continuous
tubular structures made of ultrafine polymeric fiber meshes with
low pore size and high porosity to impose Caco-2 cells to colo-
nize only the top layer of the scaffolds. The features mentioned
above would ensure the formation of a compact layer of intesti-
nal epithelial cells, which might be capable of nutrient exchanges
across the fibrous membrane thickness. This investigation re-
ports on the design and the fabrication, as well as on the morpho-
logical, physical, piezoelectrical and mechanical characterization
of tubular structures made of nonwoven PCL and polyacryloni-
trile (PAN) ultrafine fibers, the latter chosen for its piezoelectric
properties, which may offer valuable stimuli for intestinal cells.
Finally, we show the ability of these scaffolds to generate 3D in
vitro models of small intestine epithelia by culturing them with
Caco-2 cells using three different coating proteins (i.e., gelatin,
collagen type I and fibrin) and by studying the morphological fea-
tures of the formed cellular layer.

2. Experimental Section

2.1. Materials

PCL in the form of 3 mm grains, Mn of 80 kDa, and density of
1.145 g cm−3 was purchased from Sigma–Aldrich (St. Louis, Mis-
souri, USA). PAN in powder form, with average Mw of 150 kDa
and density of 1.184 g cm−3, was purchased from BIOSYNTH
(Staad, Switzerland). Chloroform (CHCl3) and tetrahydrofu-
ran (THF) were supplied by VWR Chemicals (Radnor, PA,
USA); while, Dimethylformammide (DMF) was purchased from
Sigma–Aldrich. Human colon adenocarcinoma tumoral cells
(Caco-2) were purchased from ATCC (American type culture
collection, Manassas, VA, USA). Fetal bovine serum (FBS),
Live/Dead kits, Floromount-G, primary polyclonal anti-rabbit
antibody ZO-1, HEPES 1 mM, DAPI (product code: D1306),
and RNA Mini Kit were purchased from Invitrogen by Life
Technologies Thermo Fisher Scientific (Waltham, MA, USA).
Resazurin, Eagle’ Minimum Essential Medium (EMEM), Sudan
Black, Triton X-100, fibrinogen and thrombin were obtained
from Sigma–Aldrich via Merck (Darmstadt, Germany). Lev-
ofloxacin was purchased from Fresenius Kabi (Vicchio, FI, Italy).
Fluconazole was supplied by Bioindustria L.I.M. (Novi Ligure,
AL, Italy). Neutral buffered formalin (product code: 0501004F)
was purchased from Bio-Optica, Milan, Italy. Phalloidin-iFluor
488 conjugate (product code: ab176753) was bought from Ab-
cam (Cambridge, MA, USA). Collagen type I (MAPTrix-C) was
purchased from AMSBIO (Abingdon, England). Biotinylated
goat anti-rabbit secondary antibody (product code: BA-9200)
and goat serum were purchased from Vector Laboratories
(Burlingame, CA, USA). PureLink RNA Mini Kit, SuperScript
IV VILO Master Mix, ezDNase buffer, nuclease-free water,
PowerUp SYBR Green Master Mix and SYBR Green PCR Master
Mix were supplied by Thermo Fisher Scientific (Waltham, MA,
USA).

2.2. Fabrication of the Tubular Scaffolds

The PCL solution was prepared with a concentration of 15% w/v
in a THF/DMF mixture (1:1 w/w); while, the PAN solution was
prepared with a concentration of 15% w/v in DMF by magnetic
stirring at 300 rpm overnight at room temperature. Solutions
were kept under gentle stirring at room temperature prior to
usage.

Electrospinning was performed within a horizontal set-up us-
ing the Starter Kit-Aligned 1 (Linari Engineering s.r.l., Pisa, Italy),
including a 5 mL glass syringe equipped with a G21 stainless steel
blunt tip needle, placed on a syringe pump controlling the flow
rate of the polymer solution. The fibers were spun on a stainless-
steel rotating cylindrical collector (diameter of 7.4 mm and height
of 100 mm) covered with an aluminum foil. The PCL solution
was processed using the following parameters: flow rate of 1 mL
h−1, applied voltage of 12 kV, distance between syringe and collec-
tor set to 18 cm and collector speed of 5 rpm. The electrospinning
time was 20 min. For the PAN solution, the electrospinning pa-
rameters were set to: flow rate of 0.25 mL h−1, applied voltage of
12.5 kV, needle-collector distance of 15 cm and collector speed of
5 rpm. Electrospinning time was set to 40 min. In all cases, the
fabricated tubular scaffolds possessed a thickness of ≈0.1 mm.
All electrospinning parameters are summarized in Table 1.

2.3. Morphological Characterization of the Tubular Scaffolds

The morphological analysis of the fibers was performed by field
emission scanning electron microscopy (SEM) using a Phenom
Pro Desktop apparatus by Thermo Fisher Scientific (Milan, IT).
Prior to observation, the samples were sputter-coated with gold
with a S150B Sputter Coater by Edwards High Vacuum Inter-
national (West Sussex, UK). Fiber diameters and porosity were
measured with ImageJ software (version 1.54f, National Institute
of Health, USA). Pore equivalent diameters were obtained from
the measured areas by assuming the pores to be circles. Distinct
fibers were measured to obtain mean diameters and diameter
distributions (n = 100). Porosity analysis was performed by first
adjusting the colour threshold to obtain a clear image of the first
two fiber layers; and then, applying the “Analyze Particles” mea-
surement tool.

2.4. Mechanical Characterization of the Tubular Scaffolds

The mechanical characterization of the tubular scaffolds was
performed under radial expansion mode to resemble some traits
of intestinal peristalsis. It was evaluated by means of a dedicated
set-up, designed and assembled to measure the radial defor-
mation of the tubular structure as a function of the measured
internal pressure (Figure S1A, Supporting Information). The
equipment consisted of three interconnected components that
communicated with each other through a “Y” connector. The
components included a sphygmomanometer pump with a check
valve, used to pump air into the circuit, a manometer with a
sensitivity of 1 mmHg to monitor the pressure, and a catheter
with a spherical deformable part on which the tubular scaffolds
were positioned (Figure S1B,C, Supporting Information). To
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Table 1. Summary of process parameters used for electrospinning.

Polymer Solvent(s) Solution concentration [w/v%] Flow rate [mL h−1] Needle-collector distance [cm] Voltage [kV] Rotational speed [rpm]

PCL DFM/THF 50/50 [v/v] 15 1.00 18 12.0 5

PAN DMF 15 0.25 15 12.5 5

accurately determine the radial deformation of the catheter, and
consequently, the deformation of the tubular scaffold, a gradu-
ated glass cylinder with a sensitivity of 0.1 mL was used, in which
the scaffold-catheter assembly was immersed (Figure S1D, Sup-
porting Information). By measuring the increment of volume as
an increment of the spherical part of the catheter, the increase of
the radii as a function of the applied pressure was determined.

2.5. Wettability of the Scaffolds

Circular flat samples were cut from the tubular speciemens via
an 8 mm-diameter dermal puncherand used to measure the static
water contact angle (WCA). Drops of 3 μL of distilled water were
placed on the samples using a micropipette, and WCA was ob-
tained by means of a custom-made instrument (Linari Engineer-
ing s.r.l.) consisting of a DC-powered motor with a rotational
speed varying from 1 rpm to 600 rpm and a camera with a 40-
fps frame rate. ImageJ software was used for post-processing the
acquired images analysis.

2.6. Piezoelectric Properties of the Scaffolds

The measurements of the d31 piezoelectric coefficient of the pro-
duced meshes were conducted using a PiezoGauge setup specif-
ically developed for measuring the piezoelectric values of the
meshes at a macroscale level, as detailed in prior work.[22] This
setup involves clamping a stripe of the nanofiber mesh between
a rigid support and a flexible steel cantilever, which serves as a
sensitive force gauge. An electric field was thus applied orthog-
onally to the mesh thickness by electrically biasing two parallel
metal plates. The resulting cantilever bending, induced by the
piezoelectric stress of the mesh, was detected using the opti-
cal lever method. To enhance measurement precision, an alter-
nating current (AC) electrics field was applied at the resonant
frequency of the steel cantilever, typically around 150 Hz. This
method led to an amplification effect of ≈20–30 times, resulting
in a significant enhancement of measurement sensitivity. Poled
poly(vinylidene fluoride) (PVDF) GoodFellow film was used as
a standard control; whereas, electrospun fibers of PVDF/BaTiO3
and poly(ethylene oxide terephthalate)-poly(butylene terephtha-
late) (PEOT-PBT) were used as positive and negative control,
respectively.[22]

2.7. Cell Cultures on Fiber Meshes

The scaffolds, 8 mm diameter discs (n = 6), were sterilized by
97% v/v% ethanol/water overnight, followed by three washings
of sterile saline solution added with 10% antibiotic (Levofloxacin)

and 10% antimycotic (Fluconazole). The Caco-2 cells were cul-
tured in 75 cm2 tissue culture flasks using EMEM supplemented
with 1% penicillin–streptomycin, 1% L-glutamine, and 10% FBS
in a humidified incubator set at 37 °C with 95% air and 5%
CO2. When about 80% confluence was reached, the cells were
detached via trypsin and counted. Caco-2 cells were seeded with
a density of 1.5 × 105 cells cm−2 using the following treatments
for scaffold coating:

(a) The first is gelatin (bovine). Cells were suspended in a 2%
gelatin/PBS solution and seeded in droplets at the center
of the dish. After a 30-min incubation period, the culture
medium was added.

(b) The second is collagen type I (recombinant). The collagen
solution was prepared by mixing inside an ice-cooled Eppen-
dorf tube with 1 m HEPES, a solution of 37 g L−1 of NaHCO3
and 5 mg mL−1 collagen type I, in a 1:1:8 ratio. A total of
150 μL of this solution was then added to each sample, and
subsequently, the plate was placed in an incubator to allow
the collagen to gel. After 30 min, the cells were seeded onto
the coated samples.

(c) The third is fibrin (bovine). Fibrinogen was dissolved by gen-
tly mixing it in a saline solution at 37 °C to obtain a concentra-
tion of 4 mg m L−1. Then, 1 mg of thrombin was dissolved
in 1 mL of sterile water to create a solution with a concen-
tration of 144 U mL−1. The thrombin solution was further
diluted in 25 mm CaCl2 to achieve a concentration of 10 U
mL−1. Cells were suspended in the thrombin solution; there-
fore, thrombin and fibrinogen were mixed in a 1:1 ratio to
form the fibrin clot. In our case, the clots were obtained by
mixing 10 μL of thrombin with 10 μL of fibrinogen, result-
ing in 20 μL droplets, one for each fiber disk. The droplet
took ≈30 s to coagulate, after which they were incubated for
30 min before adding the culture medium.

All the cultivated dishes were placed in a well of a 48-well plate.
The samples were thus incubated for 1 h to ensure cell adhesion.
Afterward, the specimens were completely covered by complete
medium and cultured for 21 days by replacing the medium every
3 days.

Cell culture was also conducted on PCL and PAN tubular struc-
tures (5 mm high and 8 mm diameter) (n = 6) by seeding Caco-2
cells at 1.5 × 105 cells cm−2. Before starting the experiments, the
tubes were sterilized as reported above. Collagen type I and fib-
rin were used as coatings due to their capacity of gelation, which
resulted in better suitability to entrap the cells onto these non-
planar scaffolds. For each scaffold, four 20 μL drops were placed
on each quarter of the anulus after 90° rotation, with a time in-
terval of 20 min between each drop to give the cells enough time
to adhere to the scaffold. After the last drop, the scaffolds were
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left in a cell culture incubator for 30 min, and then, the complete
medium was added. The culture of tubular scaffolds was carried
out for 8 days.

2.8. Cell Viability on the Scaffolds

The Alamar Blue viability assay was performed to monitor the
metabolic activity of the cells. A 0.01% w/v% resazurin/EMEM
solution was prepared. Then, 1 mL of this solution was added
to each well containing the cell/scaffold constructs, as well as to
other empty wells for control purposes. The cells were incubated
for 3 h, after which, three 100 μL aliquots were taken from each
well and transferred to a 96-well plate for spectrophotometric
reading using the Victor 3 Multiplate Reader (PerkinElmer,
Waltham, MA, USA).

Live/dead assays were performed at the end of cell cultures
on planar scaffolds. For this assay, 1 mL sterile PBS solution
containing 1 μL Calcein AM and 0.5 μL ethidium homodimer-1
was added to each well containing seeded fibers. Therefore, af-
ter 30 min in the incubator, samples were observed under an
inverted fluorescence microscope (Nikon Ti, Amsterdam, The
Netherlands).

2.9. Morphological Analysis of Cell/Scaffold Constructs

At the end of the culture, the cellular samples were fixed in 1%
w/v% neutral buffered formalin for 10 min at 4 °C. The sam-
ples were washed in 1× PBS, and then, permeabilized by incu-
bation in 0.1% Triton X-100 diluted in 1× PBS for 5 min. Then,
they were immersed for 30 min in a Sudan black solution (0.3%
w/v%) to cover the autofluorescence of the protein-coated fibers.
After rinsing in PBS, they were treated with 1% eosin in water for
1 min and with DAPI solution (10 μg mL−1) for 10 min. The re-
sults were observed with an inverted microscope equipped for the
fluorescence and with a Nikon Eclipse Ti digital camera (Nikon
Instruments).

Fixed cell/scaffold constructs were used for SEM analysis. Af-
ter washings the samples in 1× PBS, they were immersed in a
series of water/ethanol solutions with increasing ethanol concen-
trations: 70%, 80%, 90%, 95%, and 99% v/v%, for a duration of
15 min each, and then, fully dehydrated in a vacuum woven at
37 °C overnight. The dried samples were analyzed as reported in
Section 2.3.

2.10. Gene Expression Analysis

The RNA extraction from Caco-2 cell cultured on PAN and PCL
scaffolds with gelatin, collagen, and fibrin coatings for 21 days,
including cells seeded with the same cellular density per surface
area on Transwells (with and without collagen coating), was per-
formed using the PureLink RNA Mini Kit following the manufac-
turer’s protocol. Initially, the cells were lyzed in the lysis buffer
and homogenized using a Dounce homogenizer; while, keeping
the tube on ice throughout the procedure. The nucleic acids were
then precipitated by adding ethanol to the lysis buffer, and the
resulting solution was loaded onto a column for RNA binding,

Table 2. RT-PCR conditions.

Step AmpliTaqgold enzyme activation PCR (40 cycles)

Hold Denature Anneal/extend

Time 10 min 15 s 60 s

Temperature [°C] 95 95 60

washing, and final elution in RNase-free water. For reverse tran-
scription, a total volume of 10 μL was prepared in a RNase-free
tube. The process involved adding the following components:
10× ezDNase buffer, ezDNase, template RNA, and nuclease-free
water. The tube was centrifuged to collect all the solution at the
bottom, and the samples were incubated at 37 °C for 2 min. Af-
ter brief centrifugation and placing the tubes on ice, the follow-
ing reagents were added: SuperScript IV VILO Master Mix (4
μL) and Nuclease-free water (6 μL). The reaction mix was then
subjected to thermal cycling with the following conditions: 25
°C for 10 min, 50 °C for 10 min, and 85 °C for 5 min. The ob-
tained cDNA product was subsequently used for real-time PCR
and carried out using the PowerUp SYBR Green Master Mix.
In a polypropylene tube, a PCR reagent mixture was prepared,
consisting of Power SYBR Green PCR Master Mix (1×), reverse
primer (300 nm final concentration), forward primer (300 nm fi-
nal concentration), and nuclease-free water (5 μL). To this mix-
ture, 1 μL of template cDNA (0.1 ng) was added, resulting in a fi-
nal volume of 20 μL. Subsequently, the 96-well plate was inserted
into the thermal cycler and subjected to the thermal cycling con-
ditions reported in Table 2. The primers of ZO-1, Ezrin, and Oc-
cludin genes were designed using the “Primer3 Plus” tool.[23] The
used PCR conditions are reported in Table 2. The experiments
were performed in duplicate (n = 2).

2.11. Immunohistochemistry

Immunohistochemistry was performed directly on the scaffolds.
After washing twice, the samples in 1× PBS for 5 min, the
cell/scaffold constructs were permeabilized by 0.2% v/v% Triton
X-100 in 1× PBS for 10 min and washed twice in 1× PBS for
5 min. Quenching of endogenous peroxidases was performed by
incubation with 0.6% of 36 vol. H2O2 in methanol for 15 min in
the dark. After washing in 1× PBS for 10 min, the samples were
incubated with 5% v/v% goat serum diluted in 1× PBS for 20 min
to block a-specific binding sites of the secondary antibody. After
washing in 1× PBS for 5 min, the samples were incubated with
primary polyclonal anti-rabbit antibody ZO-1 diluted in 0.1% w/v
BSA/1× PBS (final concentration 2 mg mL−1) in a moist chamber
at 4 °C overnight.

Negative controls were performed incubating samples with
0.1% w/v BSA/1×PBS solution only. The following day, the speci-
mens were incubated with goat anti-rabbit biotinylated secondary
antibody diluted 1:200 in 1.5% v/v% goat serum/1× PBS solution
for 60 min. Then, after washing twice, the samples in 1× PBS
for 5 min, a streptavidin solution was added to the samples for
30 min, prepared according to manufacturer’s instructions.

To reveal the reaction, after washing twice, the samples
in 1× PBS for 5 min, they were incubated in the substrate-
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Figure 1. Results of morphological characterization of i) PAN (upper raw) and ii) PCL (lower raw) fiber meshes: A) SEM micrographs of the ultrafine
fibers, scale bar: 20 μm. B) Bar graphs showing the fiber diameter distribution. C) Bar graphs showing the pore diameter distribution, calculated as a
circle equivalent diameter from the pore areas.

chromogen solution: polyclonal antibody 0.5 mg mL−1 of
3,3’-Diaminobenzidine tetrahydrochloride activated with 1% of
36 vol. H2O2 (20 mL for each mL of DAB) for 5 min in the dark.
The samples were then counterstained with Mayer’s hematoxylin
for 1 min and washed in tap water for 1 min. Finally, constructs
were prepared with the Fluoromount mounting medium and
observed with a Nikon Ti Eclipse inverted microscope equipped
with a digital camera.

2.12. Statistical Analysis

Measures are reported as mean ± standard deviation. Statistical
analysis was carried out to discuss the significance of the differ-
ences observed between the different scaffold groups. Indepen-
dent t-test analyses were performed using Jamovi Software (ver-
sion 2.2.5), taking account of the numerosity of the samples and
setting a significance probability threshold (p) equal to 0.05 with
an appropriate Bonferroni correction.

3. Results

3.1. Scaffold Characterization

PCL and PAN tubular scaffolds were produced with a diameter
of 8 mm (Figure S2, Supporting Information). The morpholog-
ical characterization of the fibrous is reported in Figure 1. Fiber

size was different between the two polymers (Figure 1A1,A2). Im-
age analysis revealed that electrospun PAN fibers had a mean
diameter of 0.30 ± 0.04 μm; instead, electrospun PCL fibers
showed a broader diameter distribution, with a mean value of
0.67 ± 0.39 μm (Figure 1B1,B2). Pore equivalent diameters of
PAN and PCL meshes were 0.32 ± 0.18 μm and 0.51 ± 0.37 μm,
and their average porosities were 50% and 42%, respectively
(Figure 1C1,C2). Both PAN and PCL meshes displayed an ap-
preciable porosity, that is, 50% and 42%, and pore size of 0.8 and
2.0 μm2, respectively (Figure S3, Supporting Information).

The mechanical properties of the tubular scaffolds under ra-
dial expansion were obtained via a system that was designed and
created to measure the deformation of the fibrous mesh struc-
ture as a function of the internal pressure (Figure S1, Support-
ing Information). The PAN scaffold resulted in less deformabil-
ity than the PCL one; and therefore, in more resistance for pres-
sures above 150 mmHg. Upon an inner expansion leading to a
18.1% circumferential deformation, the PAN tubular scaffolds
were able to hold 42% higher pressure (i.e., 289 mmHg) than
PCL ones (i.e., 203 mmHg). Figure 2A reports a graph of the ex-
perimental results, which were also solutions of cubic polyno-
mial equations, reported as dotted lines. The measurement data
are reported in Table 3.

The two polymers gave rise to fibrous meshes with different
wettabilities, measured as WCAs, being PCL hydrophobic (WCA
= 129° ± 21°) (Figure 2B) and PAN hydrophilic (WCA = 20° ±
6°) (Figure 2C). Measurements of the piezoelectric coefficients of

Macromol. Mater. Eng. 2024, 309, 2400123 2400123 (6 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Results of mechanical and physical characterization of PAN and PCL tubular fibrous structures: A) Point graph showing the inner pressure
difference [mmHg] held by the scaffolds as a function of deformation (%). Cubic polynomial equation displays the trend of the measured values. B,C)
Representative photographs showing distilled water drops onto PCL (B) and PAN fiber meshes (C), used for WCA measurements.

the produced fiber meshes are reported in Table 4. PAN scaffolds
showed a higher piezoelectric coefficient d31 = 20.0 ± 16.0 pm
V−1 than PCL scaffolds (d31 = 1.12 ± 0.25 pm V−1). The results
presented in the table were obtained by averaging more than 20
values for each type of sample, obtained in different measure-
ment conditions, that is, by using different samples, pretensions
and measurements carried out on different days.

3.2. 3D Model Characterization

After 21 days, the Caco-2 cells were viable on all the coat-
ing/scaffold combinations, with metabolic cell activity on PAN
scaffolds always overcoming that on PCL counterparts (p <

0.001 in gelatin- and collagen-coated scaffolds; p < 0.0001 in
fibrin-coated scaffolds) (Figure 3). In PAN scaffolds, the highest
metabolic activity was detected when the cells were cultured in
the presence of gelatin and fibrin. Differently, in PCL, the high-
est metabolic activity was detected when the cells were cultured
in the presence of gelatin and collagen. The morphological anal-
ysis was conducted at the endpoint via SEM and fluorescence mi-
croscopy. SEM micrographs revealed the formation of densely
arranged cell layers on all the scaffold types (Figure 4). Colla-
gen coatings specifically enabled the creation of a continuous
layer of cells covering completely the outer surfaces of the fiber
meshes (Figure 4B1,B2). In the other samples, but PAN/fibrin
(Figure 4C2) in which the underlying fibers were well visible,
the cell monolayers were well assembled even though they were

Table 3. Outcomes of the mechanical measurements performed with the
set-up in Figure S1, Supporting Information.

Circumferential
strain
[%]

Pressure [mmHg]

PCL PAN

5.4 140 ± 9 155 ± 5

12.2 168 ± 33 213 ± 16

18.1 203 ± 28 289 ± 7

possibly weaker than those shown in the collagen-covered scaf-
folds as several rifts or incompletely formed layers were observed
(Figure 4A1,A2,C2).

The fluorescence microscopy outcomes are shown in Figure 5
and confirmed the SEM observations. In addition, they display
that the cell layer underneath the collagen-coated scaffolds had
a morphology similar to those observed in all the other sam-
ples, thus corroborating the hypothesis that collagen was con-
curring to the compactness of the surface coating, as observed
via SEM. The seeding technique reported in Section 2.7 allowed
the annular-shaped scaffolds to be cultured with Caco-2 cells. Fib-
rin coating was used to this purpose due to the quicker gelation,
which enabled the scaffolds under seeding to be rolled. In addi-
tion, under these experimental conditions, the Caco-2 cells were
live and able to colonize both PAN and PCL scaffold surfaces
(Figure S4, Supporting Information).

Gene expression analysis was performed after 21 culture days,
including Caco-2 cells seeded with the same cellular density per
surface area in Transwells (with and without collagen coating),
used as standards in these experiments. The results are reported
in Figure 6. We assessed the effect of the collagen and fibrin

Figure 3. Bar graphs showing the outcomes of Caco-2 cell metabolic ac-
tivity after 21-day culture on PCL or PAN scaffolds using three different
coatings: gelatin, collagen and fibrin. Results are given as mean ± stan-
dard deviation; * p < 0.05, ** p < 0.001, and *** p < 0.0001.

Macromol. Mater. Eng. 2024, 309, 2400123 2400123 (7 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 4. Results of the piezoelectric measurements of the fiber meshes.

Sample PVDF GoodFellow (standard) PVDF/BaTiO3 (positive control) PEOT-PBT (negative control) PAN PCL

Type Film Fiber meshes Fiber meshes Fiber meshes Fiber meshes

𝜖s 10.8 13.0 3.93 2.92 3.22

d31 [pm/V] 45 ± 6 65 ± 45 2.1 ± 1.7 20 ± 16 1.12 ± 0.25

PVDF: poly(vinylidene fluoride) and PEOT-PBT: poly(ethylene oxide terephthalate)-co-poly(butylene terephthalate).

Figure 4. SEM micrographs showing the results of the morphological analysis of i) PAN (upper raw) and ii) PCL (lower row) scaffolds cultured with
Caco-2 cells for 21 days by seeding the cells with three different protein coatings: A) gelatin, B) collagen and C) fibrin. Scale bar is 80 μm.

coating/scaffold systems developed in this study by considering
gelatin coated scaffolds as reference samples.

The graph in Figure 6 shows that the cell culture on the scaf-
folds in the presence of collagen was able to increase the expres-
sion of Occludin both in PAN and PCL scaffolds, and at a lower
extent also, of ZO-1 in PAN scaffold, with respect to gelatin coat-
ing and Transwell (with and without collagen coating). Moreover,
fibrin-coated PAN scaffolds slightly improved the expression of
Occludin. Differently, the highest Ezrin expression was found in
the cells cultured on Transwells in the presence of collagen coat-
ing.

Figure 7 displays the outcomes of ZO-1 immunohistochem-
istry, performed directly on the top of the scaffolds provided with
different coatings. A strong cell immunopositivity for ZO-1 was

detected in all the samples, also confirming the cell colonization
of the scaffolds. Moreover, the inserts of Figure 7, taken at high
magnification, were able to show some traits of cell morphology
on the different materials and coatings. In the presence of gelatin
coating, most cells appeared to be surrounded, at least partially,
by empty space, and displayed a mostly elongated morphology
(Figure 7A). Differently, in the presence of collagen coating, the
cells were in tight contact with each other by forming a continu-
ous cell layer in most cases. Moreover, in these conditions, Caco-
2 cells displayed a cubical-like morphology, altogether indicating
the formation of monolayer structure (Figure 7B). Finally, in the
presence of fibrin coating, the cells appeared to have a reduced
size as compared to those observed in Figure 7B, thus suggesting
an incomplete establishment of the monolayer structure.

Macromol. Mater. Eng. 2024, 309, 2400123 2400123 (8 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Fluorescence micrographs displaying results of the morphological analysis of i) PAN (upper raw) and ii) PCL (lower row) scaffolds cultured
with Caco-2 cells for 21 days by seeding the cells with three different protein coatings: A) gelatin, B) collagen and C) fibrin. Nuclei are stained in blue
and the cytoplasm is stained in pink. Scale bar is 100 μm.

4. Discussion

The small intestine operates food digestion in cooperation with
billions of microbes inhabiting the intestinal lumen. This part-
nership occurs as the epithelial cell layer lining the lumen acts
as a protective shield, safeguarding the body from direct contact
with microbes and food antigens.[24] The importance of such
a compact cellular layer is recognized to be crucial for health.

Many disorders can indeed take place when the morphology and
physiology of the intestinal barrier are compromised, including
Inflammatory bowel diseases, irritable bowel and leaky gut
syndromes, celiac disease, food allergies and sensitivities, as
well as infectious gastroenteritis, which induces malabsorption
of vital nutrients and erratic activation of the immune system.[25]

Maintaining the integrity of the intestinal barrier is thus crucial
for overall digestive health by preventing the onset of these

Figure 6. Results of RT-PCR conducted to evaluate the expression of ZO-1, Ezrin, and Occludin genes in Caco-2 cells after 21 culture days on PAN
and PCL scaffolds coated with gelatin, collagen and fibrin. The experiments also included Caco-2 cells cultured on Transwells with and without collagen
coating, considered as a standard 3D culture in this field. Gelatin and uncoated Transwells were used as test references for cells cultured on Transwells
and scaffolds, respectively. The values were reported as averages of two independent samples (n = 2).

Macromol. Mater. Eng. 2024, 309, 2400123 2400123 (9 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. Micrographs showing the immunopositivity for ZO-1 of Caco-2 cells cultured for 21 days on i) PAN and ii) PCL scaffolds, coated with A)
gelatin, B) collagen, and C) fibrin. D) Negative controls (fibrin-coated) of the immunohistochemical reaction (scale bar is 100 μm). Inserts show cellular
morphology (600× total magnification; scale bar is 30 μm).

conditions. The research on the possible positive influence of
drugs and nutraceuticals can largely benefit from in vitro intes-
tine models, which however struggle to reproduce the complexity
of the digestive environment, made up by biological, electrical
and mechanical stimuli. Tissue engineering proposes to gen-
erate 3D in vitro models, which could leverage the replication
of anatomic and physiologic features by developing appropriate
biomaterial scaffolds on which the cells are cultured, as well as
bioreactors to apply suitable mechanical forces onto them.[24]

Due to the complexity of the biological microenvironment pro-
vided by the intestinal barrier, several studies are evaluating the
prominent roles exerted by ECM molecules to generate accurate
in vitro models.[26,27]

This study aims at developing tubular elements resembling
the small intestine epithelial barrier produced via electrospin-
ning. This electrodynamic technology is widely used to produce
scaffolds made of ultrafine polymer fibers, that is, with submi-
crometric size, which entails the mimicry of the fibrous ECM.[19]

Such fiber nonwoven meshes can also find applications as filter-
ing layers.[28] Both applications unveil the electrospinning poten-
tial of tuning the fiber features such as fiber diameters, pore size
and porosity, which make this spinning technique unique to ul-
timately generate a substrate for intestine barrier.[29]

Intestinal epithelial cells can harness the advantages of
isotropic random fiber scaffolds, leveraging scaffold topography
as a critical determinant in cell adhesion. Fibrous scaffolds, de-
rived from PCL alone or its blends with other polymers, have
shown the ability to mimic the nanoscale topography akin to the
basement membrane.[30] When crafting a porous membrane to
create a tissue barrier properly resembling the basement mem-
brane for supporting epithelia, a multitude of scaffold character-
istics demands attention to enhance the biomimetic physiolog-
ical fidelity. Among these, pore size emerges as a pivotal con-
sideration, dictating whether cells primarily engage with the sur-
face (<1 μm), foster intercellular communication (1–3 μm), or tra-
verse the membrane/scaffold (3–12 μm). The pore dimensions
measuring less than 2 μm2 prove insufficient access for cellular

transmigration into the scaffold.[31] This evidence underscores
that cells are likely to develop as monolayers atop such mem-
branes, with limited penetration into the biomaterial structure;
thus, aligning with the intended design intent for intestinal ep-
ithelial barrier scaffolds.

In our study, we selected two polymer types used in the
biomedical sector, namely, PAN and PCL, potentially suited for
this application. PAN is a vinyl polymer characterized by each
repeating unit containing a cyano (─CN) group, largely used to
produce so-called “acrylic fibers,” which have shown relevant me-
chanical properties, unique in textile and advanced applications,
and in the latter, used as precursors for carbonization or graphiti-
zation processes, ultimately leading to carbon fibers.[32] PAN can
be electrospun into ultrafine fibers, which are proposed for bone
regeneration.[33] The chemical structure of PAN enables interest-
ing piezoelectric properties, which can play a role in delivering
biosignals to the proposed 3D in vitro model of an intestine bar-
rier. In fact, the ─CN functional group boasts a substantial dipole
moment of 3.5 D, originating from the disparity in electron den-
sity between the carbon and nitrogen atoms, in which carbon is
electron-deficient, whereas nitrogen is electron-rich.[34]

PCL is a long-term biodegradable polyester entitled with very
high flexibility, an exceptional elongation at break (300–1000%)
and good tensile strength.[35] Ricci et al. proposed PCL fibers,
electrospun from a solution in chloroform in a random-like
form, obtained by using a collector rotating at 500 rpm rotational
speed, to generate 3D models of colorectal adenocarcinoma.[21]

Such PCL scaffolds were reported to have similar Young’s modu-
lus and strain at break to those of the large intestine and allowed
the growth of Caco-2 cells. The morphological characterization
of those fiber meshes showed 87.57% porosity, fiber size of 3.10
± 0.12 μm and highly distributed pore diameters (mean 8.56 μm,
maximum 30 μm). However, such features are not suited to
reproduce the intestinal barrier because the cells penetrate
inside the fibrous mesh without generating a compact cellular
layer atop the surface. To achieve this fundamental property,
in this study, PCL was electrospun by preparing a solution in a
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DMF/THF solvent system, which allowed a considerable reduc-
tion of fiber diameter (0.67 ± 0.39 μm), pore diameter (0.51 ±
0.37 μm), pore size (mean value 2 μm2, with 63% pores <2 μm2)
and porosity (42%) of the scaffolds. PAN, electrospun in DMF,
gave rise to fiber meshes with reduced and tightly distributed
fiber size (0.30 ± 0.04 μm), showing pores with diameters and
size even smaller (0.32 ± 0.18 μm diameter, pore size mean value
of 0.8 μm2, with 90% pores <2 μm2), while also displaying higher
porosity (50%) than those of the PCL counterpart. Thus, the mor-
phological features of the electrospun PAN fiber meshes fully
attained the requirements of basement membrane scaffolds.

Optimal cell adhesion on polymeric surfaces has been doc-
umented within a WCA range of 40–70°.[36] Nonetheless, this
outcome is subject to various influencing factors such as cell
type, duration of incubation, environmental conditions, surface
chemistry and topographical characteristics. PCL is a notably hy-
drophobic polymer due to its aliphatic chains; however, the pres-
ence of a submicrometric fiber structure, mimicking the ECM, is
well documented not to hinder cell adhesive properties.[37] Wet-
tability measurements performed on electrospun scaffolds re-
vealed a strongly hydrophobic behavior with mean WCA of 129°.
Differently, PAN scaffolds demonstrated a highly iodophilic be-
havior with mean WCA of 20°. Even though cell adhesion is a
determinant for the generation of a compact epithelial layer, the
underneath substrate should also possess the property of allow-
ing filtration of nutrients operated by intestinal cells. Therefore,
it is extremely relevant to have diverse options, in terms of wetta-
bility, for subsequent research aimed to study the function of the
intestinal barrier.

To produce both PCL and PAN fiber meshes suitable to have
radially expandable tubes; thus, mimicking the mechanics of the
intestine lumen, a quasi-zero (i.e., 5 rpm) rotating velocity of the
collector was chosen. This speed allowed the fabrication of com-
pletely anisotropic fiber structures. A mechanical characteriza-
tion was performed by designing a dedicated set-up, in which
the annular scaffolds were placed on a swellable catheter and in-
flated using a sphygmomanometer system. Subjected to an in-
ner radial expansion, leading to 18.1% circumferential deforma-
tion, PAN tubular scaffolds sustained a 42% higher pressure (i.e.,
289 mmHg) than PCL ones (i.e., 203 mmHg), which indicated
the highest strength of PAN fiber meshes.

PAN has garnered significant interest in recent times due to
its notable piezoelectric characteristics, particularly when uti-
lized in electrospun meshes. We selected PAN in view of a future
use of the developed tubular scaffolds in a bioreactor, as piezo-
electric scaffolds can activate a transient dipole formation, able to
deliver local electrical signals that can be sensed by the cells.[22]

Our piezoelectric investigation, obtained by averaging more
than 20 measurements for each polymer mesh type obtained
in different measurement conditions (i.e., different samples,
pretensions and measurements carried out on different days
from mesh production) showed a high variation in PAN scaf-
folds. This fact can be associated with the various phenomena
of surface interaction, relaxation and fiber rearrangement, dom-
inant in anisotropic fiber meshes. Anyway, PAN fiber meshes
resulted to be piezoelectric, having d31 = 20 ± 16 pm/V, whereas
PCL fiber meshes were non-piezoelectric, having 1.12 ± 0.25
pm V−1.

Both PAN and PCL fiber meshes were able to sustain the
growth of Caco-2 cells on their top surface. We applied three
different protein coatings on the polymeric scaffolds, aimed to
promote cell adhesiveness and the generation of a compact cell
layer.[13,14] Gut basement membrane is made up of laminins, col-
lagens (mainly type IV), proteoglycans, calcium binding proteins
and other structural or adhesive proteins.[38] With the intent of
promoting cell adhesion, while, minimizing cell loss during and
after seeding, we selected recombinant collagen type I, able to
form a gel within 20 min, gelatin type B, as a denaturized form of
collagen still exposing collagen aminoacidic residues but unable
to jellify at 37 °C, and finally, fibrin, obtained with a quick (i.e.,
30 s) crosslinking of fibrinogen and thrombin. With all these pro-
tein coatings, almost compact Caco-2 cell layers were obtained
after 21 days. To seed annular-shaped scaffolds, fibrin was se-
lected as it could entrap the cells within complex tube-like scaf-
fold shapes.[39] Collagen promoted the formation of a homoge-
neous and stable surface coating, as visible via SEM; although,
the cellularized layer was similar to those observed in gelatin-
and ibrin-coated samples under fluorescence microscopy, with-
out appreciable difference between PAN and PCL substrates.

The presence of the protein used for the coating played a role
in regulating the expression of specific genes, sometimes in com-
bination with the polymer scaffold. We analyzed the expression
of genes involved in the formation and function of tight junctions
and microvilli, namely, ZO-1,[40] Occludin,[41] and Ezrin.[42] The
function of tight junctions in regulating the passage of molecules
between neighboring epithelial cells and ensuring epithelial in-
tegrity was well-established; yet, their involvement in physiologi-
cal cell shedding remains ambiguous. These dynamic structures
comprise a complex network of interacting proteins, indicating
their potential role in facilitating cell shedding processes.[43] The
tight junction protein, known as zonula occludens protein-1 (ZO-
1), which has been demonstrated to impart structural integrity
and impermeability to the junction, serves as a crucial link be-
tween Occludin and the actin cytoskeleton.[44] Consequently, ZO-
1 is involved in the maintenance of intestine barrier function.
Occludin is a transmembrane protein that regulates the perme-
ability of epithelial and endothelial barriers; therefore, it is an es-
sential component of the tight junctions.[45] Finally, Ezrin links
the cell cytoskeleton and the plasma membrane, thus regulating
its tension and affecting cell motility.[46]

Different from Transwell culture of Caco-2, in which Ezrin was
upregulated, collagen was able to upregulate the expression of
Occludin in PAN and PCL scaffolds. In a similar fashion, ZO-
1 was upregulated in collagen-coated PAN scaffolds, but not in
Transwell. These results indicated that, besides the specific pro-
tein coating, which in the case of collagen appeared to be long-
lasting, the undelaying polymer scaffold may also affect gene ex-
pression. Finally, we performed immunohistochemistry on a rep-
resentative protein of tight junctions, that is, ZO-1, which was
revealed to be markedly expressed in all coating/scaffold condi-
tions. By comparing gene expression results with immunohisto-
chemical outcomes, taken at the same time-point (i.e., 21 days),
it appeared that ZO-1 and Ezrin gene expression levels were sim-
ilar in all the scaffold/coating conditions. On the other hand,
Occludin gene expression was found to be upregulated only in
PAN and PCL scaffolds coated with collagen, in which a Caco-2
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cell morphology coherent with the monolayer structure was ob-
served.

Overall, the obtained findings suggest that it is possible
to fabricate tubular electrospun scaffolds acting as basement
membrane for the generation of intestine epithelium, ultimately,
creating real-shape 3D in vitro models for the small intestine
with potential to be used within a customized bioreactor, able
to expand the tube, and mimic some features of peristaltic
motion. These models could support the study of cell-nutrient
or nutraceutical interactions when the barrier is compromised
by stressing factors. Among the two polymeric structures inves-
tigated, PAN scaffolds offered better suited properties than PCL
counterparts, such as smaller pore size (i.e., 90% of pores within
2 μm2), higher mechanical strength upon radial expansion and
appreciable piezoelectric properties; the latter potentially able
to deliver local electric signals upon mechanical deformation,
as present in the intestine tissue.[47] Caco-2 cells showed an
increased metabolic activity on PAN scaffolds, with respect to
PCL ones, independently of the protein coating applied. Coating
with proteins could also be a successful strategy to enhance the
formation of tight junctions by Caco-2 cell layers. Interestingly,
PAN and PCL fibrous meshes offered an opposite behavior
in terms of wettability, which did not prevent cell adhesion
but could influence the filtration mechanism operated by the
intestine barrier and a filtrate retention under the scaffold layer.
This aspect needs to be investigated in future studies, aimed
at assessing the function of the proposed in vitro model; thus,
disclosing if the highly hydrophilic behavior of PAN should be
modulated with the addition of a hydrophobic polymer, such as
PCL. Having real-shape in vitro models available can promote
the research in bowel diseases and development of targeted
therapies.

5. Conclusion

This study explored the fabrication by electrospinning of poly-
meric scaffolds made of tightly arranged ultrafine fibers in the
form of tubular structures to obtain real-shape 3D in vitro model
of the small intestine in which nutrient absorption takes place.
PAN and PCL were employed to this purpose. We characterized
these scaffolds in terms of morphological, physical, mechani-
cal and piezoelectric properties. By comparing the two scaffolds,
PAN most properly attained the requirements identified to obtain
a substrate resembling the basement membrane, thus support-
ing the generation of a surface epithelial layer. Both polymeric
fibrous meshes were coated with three proteins, namely, gelatin,
collagen and ibrin, prior to culture with Caco-2 cells, which re-
sulted viable for 21 days. By virtue of the fast jelling properties of
fibrin, annular-shape scaffolds could be efficiently seeded. The
used coatings, sometimes in combination with the polymer scaf-
folds, were able to affect the expression of genes involved in tight
junction formation. ZO-1 protein was revealed in all the samples.
Such results indicate the potential of these electrospun polymer
scaffolds to support Caco-2 cell growth and assembly into an in-
testinal epithelial barrier model. Future biological studies, to be
also conducted dynamically using bioreactors, should assess the
role of these in vitro systems to further model intestine absorp-
tion function, in normal and pathologic conditions.
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